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In 2012, the WHO classified diesel emissions as carcinogenic, and its European branch suggested creating a public health
standard for airborne black carbon (BC). In 2011, EU researchers found that life expectancy could be extended four to nine times by
reducing a unit of BC, vs reducing a unit of PM, 5. Only recently could such determinations be made. Steady improvements in
research methodologies now enable such judgments.

In this Critical Review, we survey epidemiological and toxicological literature regarding carbonaceous combustion emissions, as
research methodologies improved over time. Initially, we focus on studies of BC, diesel, and traffic emissions in the Western countries
(where daily urban BC emissions are mainly from diesels). We examine effects of other carbonaceous emissions, e.g., residential
burning of biomass and coal without controls, mainly in developing countries.

Throughout the 1990s, air pollution epidemiology studies rarely included species not routinely monitored. As additional PM; s,
chemical species, including carbonaceous species, became more widely available after 1999, they were gradually included in
epidemiological studies. Pollutant species concentrations which more accurately reflected subject exposure also improved models.

Natural “interventions” - reductions in emissions concurrent with fitel changes or increased combustion efficiency, introduction
of ventilation in highway tunnels; implementation of electronic toll payment systems — demonstrated health benefits of reducing
specific carbon emissions. Toxicology studies provided plausible biological mechanisms by which different PM species, e.g.,
carbonaceous species, may cause harm, aiding interpretation of epidemiological studies.

Our review finds that BC from various sources appears to be causally involved in all-cause, lung cancer, and cardiovascular
mortality, morbidity, and perhaps adverse birth and nervous system effects. We recommend that the U.S. EPA rubric for judging
possible causality of PM> 5. mass concentrations, be used to assess which PM, 5. species are most harmful to public health.

Implications: Black carbon (BC) and correlated co-emissions appear causally related with all-cause, cardiovascular, and lung
cancer mortality, and perhaps with adverse birth outcomes and central nervous system effects. Such findings are recent, since
widespread monitoring for BC is also recent. Helpful epidemiological advances (using many health relevant PM, 5 species in models;
using better measurements of subject exposure) have also occurred. “Natural intervention” studies also demonstrate harm from partly
combusted carbonaceous emissions. Toxicology studies consistently find biological mechanisms explaining how such emissions can
cause these adverse outcomes. A consistent mechanism for judging causality for different PM, 5 species is suggested.

A list of acronyms will be found at the end of the article.

Aims of Critical Review combusted carbonaceous species in the developing world.
Specifically, the CR will:

This critical review (CR) consists of three main sections.
First, we review recent major regulatory and scientific assess-
ments of black carbon/elemental carbon (BC/EC) diesel emis-
sion. Second, changes in the understanding of health effects of
BC in the United States, Canada, and Western Europe, including
usage of improved methodologies for assessing health effects of
different PM, 5 species, are discussed. Third, we survey emer- e Early understanding of PM effects—Great London Fog,
ging literature concerning health effects of incompletely marked by black smoke among other emissions; Six Cities

(1) Highlight recent major current regulatory and scientific
assessments of BC/EC/diesel emissions.

(2) Explain how the knowledge base for the health effects of BC
has changed over the years in the United States, Canada, and
Western Europe highlighting these topics:
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(1993) and American Cancer Society (1995) studies, which
did not consider black smoke or BC; other early reviews.

e Evolution of enhanced assessment methodologies, and of
monitoring networks measuring major PM, 5 compo-
nents, advancing understanding of potentially harmful
PM,; 5 sources and species.

e Population-based epidemiology studies using newer
assessment methodologies for comparison with older stu-
dies or studies with less accurate methodologies.

e Human panel studies that included BC/EC as a monitored
PM, 5 species.

e Relevant toxicology of different PM, 5 species, especially
BC.

e Health outcomes from BC exposure with regard to all-
cause, cardiovascular, and cardiopulmonary mortality and
morbidity, as well as birth outcomes, cognition, and lung
cancer.

e Ambiguities with other combustion emissions, mainly co-
emissions of BC such as organic carbon, and polycyclic
aromatic hydrocarbons, but also including PM, 5 metals,
road wear particles, and noise.

(3) Survey the emerging literature concerning health effects of

incompletely combusted carbonaceous species
(e.g., biomass and residential coal use) in the developing
world.

In order to provide a regulatory context to this CR, we suggest
use of five U.S. Environmental Protection Agency (EPA) assess-
ment criteria (U.S. EPA, 2009) to assess whether a given PM, 5
species is or is not likely to be causally related to mortality or
cardiovascular disease (CVD) morbidity endpoints. These cri-
teria are as follows:

e “Consistency of the observed association”—Do many studies,
using different designs, in multiple locations, consistently
show elevated risks for a given mortality or morbidity
endpoint?

e “Coherence”™—Are consistent associations in population
based epidemiological studies supported by other findings
from human panel and animal toxicology studies?

e “Biological plausibility”—Do experimental studies pro-
vide evidence for biological mechanisms supporting links
between exposure to an agent and adverse effects in
humans?

e “Biological gradient”—Is there a dose-response function,
such that increasing exposure is linked with increasing
adverse effects?

e “Experimental evidence”—Does a change in exposure bring
about a change in occurrence of health effects?

Introduction

Epidemiological studies linking vehicular emissions, particu-
larly diesel (primary particulate diesel emissions, agglomerated
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spherical graphitic particles 20 to 30 nm
in size when freshly emitted, usually
monitored as BC or EC; Watson et al.,
2005), to morbidity and mortality are
now common (full discussion and defi-
nitions of BC and EC in Supplemental
Material; shorter definitions in the fol-
lowing). Fifteen years ago, such studies
were relatively nonexistent in North
America. PM, s, and PM, s species
other than BC/EC, were seen as culp-
able, partly because they were moni-
tored frequently and thus could be
included specifically in epidemiologi-
cal studies, whereas BC/EC was not.
Prior to the rest of this review, we pro-
vide short technical definitions of BC
and EC.

Thomas J. Grahame

Definitions

EC is nonvolatile carbon in graphite-
like form, found in mainly nanometer-
size fractions (<56 nm; 56—100 nm; and
100-180 nm; Mauderly and Chow,
2008); however, EC is never found in
pure form in the atmosphere, because
various organic carbon (OC) and other
compounds are adsorbed onto, and/or
mixed with the EC core (Li and Nel,
2006). EC containing a coating of mixed OC and inorganics,
with adsorbed carbonaceous material, is referred to as
BC. Atmospheric EC and organic carbon (OC), commonly deter-
mined on PM, 5 (particulate matter with aerodynamic diameters
<2.5 wm) filters, are operationally defined based on thermal oxida-
tion (Chow et al., 2001). The U.S. long-term urban Chemical
Speciation Network (CSN) and non-urban Interagency
Monitoring of PROtected Visual Environments (IMPROVE) net-
work determine EC by thermal/optical method (Chow et al., 2007).
BC is generally determined by light absorption by filter or by
photoacoustic system measurement. These devices measure light
absorption, which is then converted to BC concentration in micro-
grams per cubic meter (pg/m’) based on specific absorption effi-
ciency (Chow et al., 2001). BC and EC are often used
interchangeably by epidemiologists, as they are proxies for the
same emissions; for simplicity, we use BC to refer to carbonaceous
PM assessed using either method of measuring amounts of solid,
light-absorbing, refractory graphitic carbonaceous material in
ambient air, material that is insoluble in water and common organic
solvents (Lack et al., 2014). As there are several different methods
for measuring both BC and EC, there exists measurement ambi-
guity, depending on measurement method used (Watson et al.,
2005; Supplemental Material). BC is highly correlated with other
carbonaceous compounds, many gases or semivolatile organic
compounds (SVOCs), and with trace metals in lubricating oil.
Finally, BC should not be confused with brown carbon, a product
of inefficient combustion of biomass, which also is light absorbing,

Richard B. Schlesinger



622

but more toward the ultraviolet (UV) part of the spectrum (Andreae
and Gelencser, 2006). In places where substantial amounts of
biomass are burned inefficiently, brown carbon can thus bias mea-
surements of BC (Andreae and Gelencser, 2006).

OC refers to all carbonaceous species that are not BC/EC
(other than carbonates). Many carbonaceous gases from anthro-
pogenic as well as natural sources are chemically changed in the
atmosphere into low-volatility particulate forms, called second-
ary organic carbon (SOC), also a subset of OC.

Total carbon (TC) is the sum of OC and BC. The health
effects observed with exposure to sources of BC are likely due
in some part not just to BC, but also to specific types of highly
correlated co-emissions (e.g., SVOC, volatile organic carbon
[VOC], and OC, including PAHs). (Later, we discuss the roles
of size and of chemistry in causing adverse effects.)

Sources of BC

Table 1 provides estimated 2010 BC emissions by source
(power, industrial, residential, transport, and biomass) for major
geographical regions of the world (Organization for Economic
Cooperation and Development [OECD] Europe, Eastern Europe,
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South America, and East Asia, for example), as well as for
specific countries. These estimates are derived from known
amounts of fuels used and various appropriate emission factors.

The transportation source category is the main source of
BC/EC emissions in the United States and Western Europe
(Table 1). Within that category, BC emissions from present-day
diesels are more than 8 times as high as those from gasoline
powered mobile sources in the United States (U.S. EPA, 2012).
However, industrial and residential coal burning and residential
biomass burning, each with little or no particulate controls, are
major daily BC/EC sources in much of the developing world.
Irregular biomass burning (e.g., forest fires, agricultural burn-
ing) are also important sources of BC and OC, especially in the
developing world (Table 1). A more detailed description and
definition of BC/EC and OC in the atmosphere is found in the
Supplementary Material.

Total estimated worldwide 2010 ambient BC emissions are
8,111 Gg/yr. East Asia is the largest contributing region (1,876
Gg/yr). Southeast Asia contributes 877 Gg/yr, the United States
321 Gg/yr, OECD Europe 301 Gg/yr, and Africa 1,788 Gg/yr.
The largest single source in the United States and OECD Europe
is estimated to be transport (mostly diesel, 216 and 212 Gg/yr,

Table 1. Global BC emission estimates by region and by sector in 2010 based on RCP 4.5 (unit: Gg/year)

Open biomass burning

Agricultural Savanna and

Power Industry Residential Transport waste Forests grasslands Total
Canada 0 8 4 22 2 31 4 71
United States 3 35 40 216 6 13 9 321
Central America 4 29 21 59 7 47 9 177
South America 2 91 71 169 17 203 128 681
Northern Africa 0 16 54 48 1 0 0 120
Western Africa 0 30 191 20 10 95 489 836
Eastern Africa 0 8 173 10 5 6 209 411
Southern Africa 2 22 114 23 3 3 373 541
OECD Europe 7 33 41 212 1 0 7 301
Eastern Europe 2 9 41 38 2 2 2 95
Former USSR 6 39 220 78 13 145 57 559
Middle East 6 29 7 91 10 0 1 144
South Asia 7 150 412 129 5 10 7 720
* India 6 128 288 84 5 10 7 528
East Asia 27 996 660 135 49 4 4 1876
* China 24 951 627 104 45 4 4 1760
Southeast Asia 4 106 282 147 22 301 15 877
Oceania 0 8 8 17 4 30 121 187
Japan 2 23 6 48 1 0 0 80
Int. shipping & 0 0 0 114 0 0 0 114

aviation

World 73 1631 2345 1574 161 892 1436 8111

Notes: From the Representative Concentration Pathways (RCP) database (version 2.0) assembled for the IPCC Fifth Assessment Report (ARS) at: http://tntcat.iiasa.ac.
at:8787/RepDb/dsd? Action=htmlpage&page=welcome#intro. Numbers in this table are estimated emissions of BC, calculated for IPCC modeling purposes from
the estimated amounts of coal, oil, natural gas, and biomass used in 2010, across sectors and world regions. Estimates also include extrapolated natural burning
(forest, savannah, and grasslands).


http://tntcat.iiasa.ac.at:8787/RcpDb/dsd?Action=htmlpage&page=welcome#intro
http://tntcat.iiasa.ac.at:8787/RcpDb/dsd?Action=htmlpage&page=welcome#intro
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respectively), while the leading sources in Asia are industry and
residential (East Asia, 996 and 660 Gg/yr) and residential and
biomass (Southeast Asia, 282 and 339 Gg/yr). Domestic and
industrial (excluding electrical generation) coal burning without
particulate controls is the main source of industrial and residen-
tial emissions in East Asia. In Africa and in Central and South
America, open biomass burning is the largest source of
BC. Irregular burning of biomass for clearing land and naturally
occurring fires are included in Table 1 under open burning, and
are also large sources of TC. Such estimates, of course, cannot
take into account all “real-world” factors, so it is not surprising
that there is variation in such estimates. For example, Chow et al.
(2011) review differing BC and OC source profiles in the United
States from two different compilations. Worldwide BC estimates
of Bond et al. (2004) differ somewhat from the estimates in
Table 1. We use the estimates in Table 1 because they are
developed with a consistent methodology and include not just
regions but also important countries. All estimates are uncertain
and subject to change, as emissions factors are updated, and as
newer technologies (such as on road diesels with catalyzing
filters which oxidize almost all BC and much OC) replace
older technologies. (The remaining tables referred to in the text
are found in the Supplemental Material, section C.)

Because ambient sources of BC in the United States and
Western Europe are primarily diesel related, while the major
sources and mix of BC elsewhere in the world are different, we
initially discuss the United States and Western Europe.

Evolution of Our Understanding of Health
Effects From BC in North America and
Europe

Within the last 2 years, there have been three major reports
that solidify the assessment of harm from BC and from diesels.
WHO (2012) called for consideration of an air pollution health
standard for BC, separate from that for PM, 5, suggesting that
such a standard “may be useful in evaluating local action aimed
at reducing the population’s exposure to combustion PM (for
example, from motorized traffic).” This appears to be the initial
occasion when a major governmental body has suggested that
BC per se be regulated. In 2012, the IARC upgraded its 1988
finding that diesel emissions (DEE) were “probably carcino-
genic to humans,” to a finding that diesel emissions are “carci-
nogenic to humans” (IARC, 2012). Janssen et al. (2011) found
that reducing a unit of BC will lengthen life four to nine times
more than reducing a comparable amount of PM, s mass (e.g., if
1 pg/m® of each were reduced). We have not identified other
studies directly comparing life-extending effects from BC with
those from PM,, 5. It should be noted that these three assessments
relate to current on- and-off road older diesels, not to emissions
from post-2006 heavy-duty on-road diesels in the United States,
which are subject to more stringent PM emission regulations that
greatly reduce BC and associated emissions (McDonald et al.,
2004). It should also be noted that sulfur in fuels needed to be
further reduced to avoid poisoning catalysts for meeting post-
2006 emission standards. The U.S. EPA (2012) suggested that
health effects of BC are similar to those of PM, 5 mass simply
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because BC is a component of PM, s mass. It notes, “BC mitiga-
tion strategies, which lead to reductions in PM, s, can provide
substantial public health and environmental benefits.”

Since 2007, new on-road heavy-duty diesels in the United
States have a filter that oxidizes or captures virtually all BC and
much of other carbonaceous emissions when in working order
(McDonald et al., 2004). The emission reductions reduce oxida-
tive stress and inflammation in vivo that were found with diesel
exhaust not treated by the new oxidizing filter (McDonald et al.,
2004).

Slightly more than a decade ago, BC was rarely evaluated as
part of epidemiological models, and diesel emissions were rarely
examined in relation to the toxicology of particulate emissions.
What changed, to allow the three conclusions just described
about the harm caused by BC to be drawn?

Early evaluations of PM effects

We review in detail in the Supplemental Material, Part B,
seminal studies and events in early evaluation of PM effects.
Initial studies include those of the Great London Fog of 1952 and
a study of a similar inversion in Dublin, Ireland, in 1982. Both
events involved pollution that was mainly derived from domestic
burning of coal for heat, without pollution controls. These
European studies demonstrated that partly burned hydrocarbons
and other pollutants that result from burning poor-quality coals
without pollution controls, when concentrated during multiday
stagnant episodes, can cause sharply increased numbers of
excess deaths. Black smoke, a measure of the darkness of mate-
rial in a filter as measured by optical reflectance, was the mea-
sure of PM used in these European studies. Quincey (2007)
reported that these methods are similar to acthalometry, one of
the principal methods of measuring BC.

We then discuss several early U.S. reports and studies, the first
one of which is from a 1975 U.S. EPA advisory board (U.S. EPA
Scientific Advisory Board [SAB], 1975). This is followed by two
pivotal studies of the 1980s, namely, Evans et al. (1984) and
Ozkaynak and Thurston (1987). Perhaps understandably, due to
the emphasis on acid rain as a major pollution research topic at the
time, these two studies emphasized sulfate rather than other PM
species. BC, EC, diesel, polycyclic aromatic hydrocarbons
(PAHSs), and vehicular emissions were not examined.

Evans et al. (1984) specifically highlighted methodological
issues that remain important today in assessing possible causal-
ity. These include:

(A) Exposure misclassification, due to use of a single monitor,
or monitor averages, to represent exposure of individuals
citywide to a pollutant with substantial local spatial
variability.

Confounding variables, where a potentially causal agent is
not in the model, but is correlated with agents that are
included. Given the dearth of information about other
PM, 5 species at the time, and about biological mechanisms
generally, Evans et al. (1984) were mostly concerned about
confounding due to sociological factors, for example, lower
income people living in more polluted areas. The potential

®)
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importance of confounding by other PM, 5 species came
later.

The variability of chemical species in acrosols classified by
size (in this case, TSP).

Plausibility of sulfate as a cause of adverse health outcomes,
given that ammonium sulfate was seen as “a relatively
innocuous species.”

Health relevance of pollutants not included (specifically,
cancer researchers would want information on organic che-
mical compounds, including those from vehicular
emissions).

Ambiguities in the “accuracy and precision of pollution
measurements,” specifically in the context of individual
Hi-Vol measurements.

©
D)

(E)

()

Stern et al. (1988)

Stern et al. (1988), a study of arteriosclerotic heart disease
(ASHD) mortality risks for bridge and tunnel officers (BTOs) in
New York City from 1952 through 1982, was a rare exception to
the trend in the 1980s of not evaluating the potential importance
of vehicular emissions for mortality and morbidity risks.
Officers mainly collected tolls, but also directed and observed
traffic. Bridge officers had less exposure to vehicular emissions,
as wind provided natural ventilation, whereas there was no
ventilation in tunnels until ventilation systems were installed
around 1970. The ventilation systems allowed for an “interven-
tion” study, where an event in the physical world causes pollution
levels or types to change, enabling an evaluation of the effect of
the change on public health with change in exposure at the same
venue. Heart disease and arteriosclerotic heart disease (ASHD)
mortality risks were each calculated in comparison to the mor-
tality record for the New York City population as a whole.
Amount of time worked as a BTO was categorized as less than
10 years; 10 years or more; and combined (total). Significantly
elevated risks of mortality, both for all heart disease and for
ASHD, were found for tunnel officers who had worked for
more than 10 years, and for all tunnel officers combined. The
study design also allowed for examination of mortality risk in
tunnel officers compared to bridge officers for the period after
ventilation was installed within the tunnels. The ASHD mortality
risk for each of three age cohorts of tunnel officers declined in a
constant manner, relative to the average mortality risk for all
bridge workers, after ventilation was introduced (Figure 1).
Thus, Stern et al. (1988) provides evidence that elevated vehi-
cular emissions are associated with elevated risks of dying of
ASHD, both in the higher mortality of tunnel officers compared
to bridge officers prior to ventilation of tunnels, and with the
reduction of mortality risks for tunnel officers compared to
bridge officers after ventilation was introduced.

Stern et al. (1988), however, do not present any associations
with specific pollutants. CO concentrations for years before and
after ventilation, and concentrations of NOx, PAHs, lead, and
asbestos in 1981 (a decade after ventilation) were, however,
provided. CO levels in 1970, monitored over 38 consecutive
days, were 63 ppm in tunnel and 13 ppm in bridge toll booths.
In 1981, daily sampling for 2 weeks found mean CO levels of
383 ppm in tunnels and 23.0 ppm on bridges.

Grahame et al. / Journal of the Air & Waste Management Association 64 (2014) 620—660
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Figure 1. Risk of arteriosclerotic hearth disease mortality in tunnel officers relative
to bridge officers, as a function of age and calendar year, after introduction of
ventilation in 1970. Adapted from Stern et al. (1988). © Oxford University Press.
Reproduced by permission of Oxford University Press. Permission to reuse must
be obtained from the rightsholder.

Carboxyhemoglobin levels were higher in tunnel officers than
in bridge officers (nonsmokers 2.12% to 2.93%; smokers 3.90%
to 5.01%) prior to ventilation. A decade after ventilation, the
National Institute for Occupational Safety and Health (NIOSH)
found similar carboxyhemoglobin levels in bridge (4.9%) and
tunnel (4.5%) officers. However, the findings of this study
appear not to have been considered by those concerned about
adverse effects of PM, perhaps because the authors attributed the
elevated mortality to carbon monoxide (CO), calling concerns
about effects of “nitric oxides, hydrocarbons, particulates, lead,
sulfur, or aldehydes . .. highly speculative.”

Six cities and American Cancer Society studies

We next review the two pivotal studies of the early 1990s, the
Six Cities study (Dockery et al., 1993) and the American Cancer
Society (ACS) study (Pope et al., 1995). Both studies examined
sulfate, and Dockery et al. (1993) examined aerosol acidity, but
no other PM species were included in these studies. The possible
role of specific industrial emissions, perhaps of importance in
each study, is not discussed. Associations between lung cancer
and PM are discussed, but studies that found extremely elevated
lung cancer rates among coke oven workers are not cited
(e.g., Cohen and Pope, 1995). The International Agency for
Research on Cancer (IARC) 1988 (IARC, 2012) finding that
diesel emissions were a probable cause of lung cancer were not
noted, nor were BC, EC, diesel, and PAHs mentioned. The
cursory summary in this paragraph does not do justice to either
study, nor to our fuller review of them; readers are urged to read
the more complete summary in the Supplemental Material. The
main point here is the lack of emphasis in these studies on
vehicular or carbonaceous emissions.

CASAC and NRC considerations

In 1996, the U.S. EPA advisor, the Clean Air Scientific
Advisory Committee (CASAC), sent a letter to the U.S. EPA
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Administrator (CASAC, 1996) as part of the National Ambient
Air Quality Standards (NAAQS) setting process for PM, 5. The
letter noted that the CASAC members were divided as to whether
there should be new PM, 5 standards (in particular, a new annual
PM, 5 standard), and how stringent the regulations should be,
because of a variety of “unanswered questions and uncertainties”
detailed in the letter. The reasons included exposure misclassi-
fication, measurement error, influence of confounders, lack of
understanding of biological mechanisms, and possible alterna-
tive explanations. These uncertainties echoed those of Evans
et al. (1984) and foreshadowed studies performed post 2000.

In 1998, the National Research Council (NRC) released a
report (“Research Priorities for Airborne Particulate Matter”)
that reviewed and reported on aspects of the U.S. EPA research
plan for particulate matter (PM) (NRC, 1998). The report recog-
nized the research need to pinpoint which types of particles are
harmful, and their mechanism of causing harm. This report
states:

The biological basis of most of the [PM] associations
is essentially unknown . .. There is ... limited scien-
tific information about the specific types of particles
that might cause adverse health effects, ... [and] the
toxicological mechanisms by which the particles
might cause adverse health effects ... [Important
research priorities include] (NRC 1998, 2)

Assess through toxicological and epidemiological
studies the most biologically important physical
and chemical characteristics and constituents of par-
ticulate matter that produce adverse health effects. . .

Investigate the toxicological mechanisms by which
particulate matter produces mortality and acute or
chronic morbidity, using laboratory-animal models,
human clinical studies, and in vitro test systems ...
(NRC 1998, 6)

The Committee recommends that EPA consider more fully the
possibility that future research results might indicate that the
expensive monitoring program is not measuring the most biolo-
gically important aspects of particulate matter.

As such, this report in conjunction with the CASAC letter
might be viewed as the end of an initial era of PM research, in
which researchers became satisfied that statistical associations
between PM and mortality and morbidity reflected causation but
did not yet understand how biological effects occurred and, thus,
which types of particles might be causally involved.

2006 AWMA Ceritical Review

Pope and Dockery (2006), the 2006 Air & Waste
Management Association (AWMA) Critical Review (CR), can
be seen both as the summary of our knowledge about PM, 5
effects at the time and as the beginning of the transition to fully
examining effects of specific PM, 5 species, rather than of only
total PM, 5 mass. The great majority of studies in the tables in
Pope and Dockery (2006) used PM, 5 or PM as the measure of

625

pollution associated with mortality or morbidity. However, sev-
eral European studies associating black smoke with mortality
and two studies associating mortality with proximity to major
roads are cited. Diesel is mentioned several times, in reference to
toxicology studies. Twenty studies of HRV changes are summar-
ized, but none include BC as the pollutant of interest. Birth
outcomes are discussed in relation to PM, not in relation to
vehicular emissions, but it is noted that much remains to be
understood. Carbon is mentioned briefly, noting that it is part
of the PM mixture. The issue of co-pollutants is introduced; co-
pollutants to PM from traffic were said to include secondary
nitrates and coexposure to NO, and CO, but neither PAHs nor
vehicular hazardous air pollutants (HAPs) are mentioned.
Exposure misclassification is briefly mentioned.

Pope and Dockery (2006) concluded that the evidence for
PM, 5 harming human health is substantial, partly because of
consistent results among different researchers, using different
study designs (the first of the U.S. EPA criteria described earlier
in this review). Progress in understanding potential biological
mechanisms (inflammation, oxidative stress, HRV, pro-
thrombotic effects, modulated immunity, etc.) is discussed,
with a finding that none of these pathways have been adequately
explored. One of the major research gaps noted is the “role of
various characteristics and constituents of PM, and ... the rela-
tive importance of various sources and related co-pollutants,”
and that “there remains a need to further elucidate the biological
mechanisms.”

At the time Pope and Dockery (2006) appeared, the great
majority of studies linking diesel emissions, or BC, to various
health effects had not yet been published. These studies include:
population-based epidemiology in which BC and several other
PM, 5 species are specifically included in the model (Tables S3,
S4, and S5); human panel studies in which BC and other emis-
sions are in the model (Tables S6 and S7); controlled human
exposure studies of diesel, biomass smoke, and BC (Table S8);
studies associating BC and traffic emissions with adverse birth
outcomes (Table S9); and studies associating BC and traffic
emissions with effects on the brain, cognition and behavior
(Table S10). Again, all tables except Table 1 are found in the
Supplementary Material.

In the upcoming sections and in the Tables in the
Supplementary Material, we discuss 139 of these newer studies,
all of which include BC, traffic density, diesel emissions per se,
or other measures of vehicular emissions, and virtually all of
which find associations with BC or other measures of vehicular
emissions. A large majority of the findings are with BC. Many
studies are “highway proximity” studies, associating adverse
health effects for those living in close proximity to major roads
(Table S2), versus those living further away.

Studies examining associations between health endpoints and
specific components of PM, 5 and/or PM;, continue to be pub-
lished. Billionet et al. (2012) and Domenici et al. (2010), for
example, discuss PM species in the context of multipollutant
approaches. Billionet et al. (2012) state that a major challenge in
examining multipollutant mixtures is to distinguish harmful
pollutants from surrogates without direct causal effects.
Domenici et al. (2010) also addressed this theme, finding that
“PM chemical composition varies greatly across the U.S ... and
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chemical composition may affect toxicity.” Domenici et al.
(2010) continue: “High-priority questions ... have shifted from
health effects of total mass to ... size fractions [and] chemical
components ... primarily responsible for various health out-
comes.” Thus, these newer PM studies continue the themes
noted already, namely, that different PM, 5 species have different
toxicities, and that researchers need to distinguish harmful spe-
cies from those that are merely acting as surrogates for harmful
PM, 5 species. As our interest in this current CR lies specifically
with BC and related PM, 5 species, we do not review further
studies that do not include BC (and in almost all cases, many
other PM, 5 species), with very limited exceptions.

The next era (roughly, post 2001) gradually expanded the
research community’s understanding of those methodologies
important in determining which PM species are most, or least,
harmful. This understanding remains incomplete. But as the next
section shows, the research community has learned a great deal
more in recent years.

Importance of exposure determination for
epidemiologic studies and toxicology

In this section, we focus on all-cause and cardiovascular
mortality, and cardiovascular morbidity effects, leaving out the
substantial literature regarding respiratory effects due to length
limitations. The Health Effects Institute (HEI) Research Special
Report 17 (HEI 2010) is an excellent discussion of respiratory
issues related to diesel and vehicular emissions

There are several specific indoor pollutants in North America
and Europe (e.g., cooking, wood smoke from fireplaces and
poorly ventilated wood stoves, smoking tobacco), but indoor
sources in these locations are not discussed for reasons of
space. Indoor sources elsewhere, such as heating with coal and
biomass and cooking with biomass, that produce very high PM
levels are of major public health interest, and are discussed in a
later section.

With regard to exposure to outdoor pollutants, until fairly
recently, an outdoor monitor reading (or average of readings
from several monitors) was used as the surrogate for actual
personal exposure. The PM concentrations were usually annual
averages, daily averages, or multiday averages.

Improvements in methodologies, and empirical studies in the
United States, have now demonstrated that central monitors can
present grossly inaccurate exposure information for epidemio-
logical studies for emissions, such as vehicular, having substan-
tial local spatial variability. BC and other vehicular emissions
can vary by a factor of 10 over just one section of a metro area
(Maciejczyk et al., 2004), but central monitor measurements
historically assigned the same concentration as a proxy for
exposure to everyone in the entire area. Thus, central monitor
concentrations may greatly overestimate, or underestimate,
actual subject exposures.

Two recent studies found significant health effects with
locally variable emissions when exposure was measured on
specific study subjects, or inside and outside a subject’s resi-
dence, but not when a central monitor exposure proxy was
considered in the analysis (Suh and Zanobetti, 2010, for BC;
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Hsu et al., 2011, for Ni). Thus, reasonably accurate exposure
estimation is crucial for improving accuracy of observed statis-
tical associations, for both long-term population-based epide-
miology and studies of short-term acute effects. For example,
concentrations from a monitor placed in the outside or inside of a
home, or from a model that can portray yearly average pollutants
at aresidence, will for most people in an urban area be a superior
proxy for actual exposure than would concentrations from a
central monitor for the same time period, because these will
express actual subject exposure more accurately. However, activ-
ity patterns will differ for people in the same house, which can
mean that different residents of the home may have somewhat
different exposure to spatially variable emissions such as BC
(Dons et al., 2011).

If a pollutant’s “measured” exposure poorly represents actual
exposure, statistical associations might “migrate” from poorly
measured variables to variables that better express subject expo-
sure (less measurement error) (Goldberg and Burnett, 2003;
Grahame, 2009). Grahame (2009) examined whether associa-
tions of BC/EC with changes in measures of heart-rate variabil-
ity (HRV; variation in the interval between consecutive beats)
would vary among studies, depending on whether exposure to
BC/EC concentrations were estimated from a central monitor or
from a more accurate method of estimating subject exposure. In
studies where BC/EC exposure was reasonably accurate (see
Grahame [2009] for different definitions of “reasonably accu-
rate”), either BC/EC or urban air was significantly associated
with adverse HRV changes, but sulfate or regional air masses
with high PM, 5 mass were not. However, in studies with the
poorest BC/EC exposure, BC/EC was not, but sulfate was,
associated with HRV outcomes. This suggests the possibility of
associations “migrating” from poorly monitored PM, 5 species
to better monitored ones. These findings were later supported by
the results of Suh and Zanobetti (2010), in that BC associations
with HRV were found only when subject exposure was accurate,
but sulfate was not so associated.

Among the first post-2000 epidemiological findings showing
the potential importance of vehicular emissions to health were
“highway proximity” studies. Highway emissions, such as BC
and ultrafine PM, have been shown to be most elevated within
100 m of major roads (Zhu et al., 2002 [Los Angeles]; Roorda-
Knape et al., 1998 [Europeans cities, black smoke]). Therefore,
comparing effects for those living in close proximity to major
roads with effects for those living further away might provide a
better understanding of health consequences of highway emis-
sions than a single BC concentration, as if one concentration
accurately represented everyone’s exposure to BC (or other
primary vehicular emissions) across a metropolitan area.

Early studies of health effects for those living within 100
meters of highways or within 50 meters of a major urban road
showed elevated rates of mortality compared to those living
further away (e.g., Hoek et al. [2002] for cardiopulmonary mor-
tality). Finkelstein et al. (2004a) found elevated risks of all-cause
mortality related to the same proximity to roadways, with a
mortality rate advancement period of 2.5 years for those living
closer relative to those living farther away. Finkelstein et al.
(2005) found sharply elevated risks of circulatory disease mor-
tality for those living in proximity to roadways (relative risks =
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1.40, CI = 1.08 to 1.81). Furthermore, some studies showed that
health effects were more elevated if nearby roads were travelled
by diesel emitters, such as buses and trucks (Medina-Ramon,
2008; Lin et al., 2002), suggesting that perhaps a marker for
diesels, such as BC, might be as good a marker or a better marker
for exposure than proximity to a major road, assuming good
subject exposure assessment.

Other methods for determining more accurate BC exposure
were developed that used:

e Monitors inside and outside homes of retirees (Delfino et al.,
2008, 2009).

e Mobile monitors that travelled with retirces (Adar et al.,
2007).

e Monitors within 100 m of a major urban road, when the
subjects also lived in close proximity to the road, not far
from the monitor (Gold et al., 2005; Schwartz et al., 2005a).

Concurrently, new methods for assessing effects of diesel
emissions, and identifying biological mechanisms of harm,
were being used. For example, Sauvain et al. (2011) found that
oxidative stress levels in workers at a bus depot were elevated
after a workday, compared to before work, and were more highly
elevated at the end of a second consecutive workday than after
the first workday. Relative to the general U.S. population, work-
ers in the trucking industry most consistently exposed to higher
levels of diesel exhaust (drivers and dock workers) had signifi-
cantly elevated rates of both lung cancer and ischemic heart
disease (Laden et al., 2007), while those with less exposure
(hostlers and clerks) did not. Finkelstein et al. (2004b) found
that ischemic heart disease mortality was significantly elevated
among heavy equipment operators, relative to other, less
exposed union members in Ontario, Canada.

In addition to the issue of better exposure assessment, there is
the issue of components (PM, 5 species) used within any model.
If a health-relevant PM, 5 species is missing from a model, two
consequences follow: (1) Effects cannot be found for a pollutant
not in the model; and (2) the model might suggest associations
with pollutants included in the model that might not have been so
dentified, had a more health-relevant pollutant been included
(e.g., associations might “migrate” from a pollutant not in a
model, to a pollutant included in a model). Furthermore, data
on percentage of residences with central air conditioning (AC)
are useful, in multicity and multicounty studies, because on hot
days in warmer cities, with much central AC (with little infiltra-
tion of outdoor air), people tend to be inside in homes. In parts of
the United States such as the Northeast, with less central AC,
opening windows is more prevalent on hot summer days (Bell
etal., 2009b). Thus, the percentage of residences with central AC
modifies exposure to outdoor pollutants (Janssen et al., 2002;
Bell et al., 2009b). Studies that utilize this knowledge, in con-
junction with inclusion of many relevant PM, 5 species, may
produce more dependable results due to improved exposure
assessment.

Source apportionment studies. Receptor modeling studies
since 2000 include source apportionment methods such as che-
mical mass balance and factor analyses (Watson and Chow,
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2005b). Factor analysis examines the correlations between var-
ious PM and gaseous pollutant components so as to differentiate
pollution information into weighted “factors.” Each factor is
characterized by one or more PM, 5 species.

More than 100 of these studies, relating “factors” (which can
sometimes be associated with source types) with adverse health
outcomes, have been published. Although these analyses vary
both in the numbers of factors identified (even for the same
locations) and in the factors they potentially associate with health
outcomes, factor analyses as a whole appear to share at least four
commonalities:

(1) The number of factors identified, and the percentage of PM
in each factor, usually vary as additional relevant emissions
are included in the model. Therefore, the meaningful num-
ber of factors, and the mass of pollutants in each factor,
cannot easily be quantitatively determined.

(2) Those factors associated with health outcomes often change
as additional pollutants are included in a model, or as dif-
ferent model methodologies are employed.

(3) Markers or compounds that are taken to represent one source
may be emitted by several sources, complicating attribution
and possible health interpretations.

(4) Because individual exposure information, or reasonable
proxies for such exposure, may not be available, particularly
for emissions which are more spatially variable, factor ana-
lyses can have the same exposure misclassification issues as
do population-based epidemiology studies using central
monitors (e.g., Suh and Zanobetti, 2010).

These issues are discussed briefly in HEI (2010) and at length
in Grahame and Hidy (2007a). The implication is that factor
analyses and other forms of source apportionment may face
challenges in adequately interpreting any adverse health associa-
tions that may appear to be revealed in such a study. Liu et al.
(2005, 2006) illustrate how factors change in number and mag-
nitude as additional relevant pollutants are added to the model.
(The following four paragraphs are extracted from Grahame and
Hidy [2007a], with limited alteration [no italics in original].)

Liu et al. (2005) [... identified ...] 10 factors,
including a secondary sulfate factor, a primary
coal-combustion emissions factor, and a vehicular
emissions factor [note: no separation was made into
diesel vs. gasoline emissions). Data were taken from
four localities, two urban (Atlanta, GA, and
Birmingham, AL) and two rural (Yorkville, GA,
and Centreville, AL).

The coal combustion emissions factor had three
features suggesting possible co-mingling of coal
emissions with urban emissions in the two urban
areas. First, the EC/Se ratios in this “coal” factor
in the urban locations were 5 to 10 times higher than
in the two rural locations ... Secondly, the coal
emissions factor was enriched with Ca only in the
two urban locations. Third, the coal combustion
factor exhibited a weekday—weekend emissions
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variation that [... was ...] unlikely to reflect varia-
bility in power plant operations, but that could
reflect differences in weekday versus weekend use
of diesel vehicle transportation.

... Liu et al. (20006) ... expanded their analysis of
data from the same sites to include a total of eight
thermally-differentiated carbon fractions and four
gaseous components (CO, SO,, NOy, and HNO3).
The authors were now able to estimate factors asso-
ciated with diesel and gasoline emissions, sepa-
rately, in three of the four localities (including both
urban locations). Liu et al. (2005), however, had
been unable to resolve vehicular emissions at either
rural location. The factor attributed to primary coal
combustion reported by Liu et al. (2006) decreased
in magnitude between the first and second studies,
dropping from 3% of PM, s mass to 1.9% in Atlanta,
from 6.0% to 0.7% in Yorkville, and from 5.0% to
1.5% in Centreville. In absolute terms, the coal
combustion factor in Liu et al. (2006) represented
100 ng/m3 of PM, 5 in Yorkville, and 190 ng/rn3 in
Centreville. In the eastern United States, PM 5 con-
centrations of this magnitude are reasonable esti-
mates of coal fly ash from coal fired power plants
(William Aljoe, NETL, personal communication).

The contrast in findings between the two studies suggests the
importance of employing as many specific PM, s and gaseous
components as possible to enhance the ability to identify factors,
to minimize co-mingling of PM, s species into different factors,
and to more accurately determine the size of factors. We are not
aware of any other factor analysis other than Liu et al. (20006) to
utilize this number of added emissions.

Laden et al. (2000) further illustrates potential issues with
source apportionment models. The authors used PM, 5 species in
each of the Six Cities to construct several factors, including ones
marked by Pb (traffic factor), Se (coal combustion factor), and Si
(soil and crustal material). (Pb was used, apparently, because BC/
EC was not routinely monitored in the time frame and locations
of the study.) For the Pb (traffic) factor, significant associations
were found for risks of daily mortality in two of the cities,
including one of the two large ones (St. Louis, MO) but not the
other (Boston, MA), and in combined data for all six locations.
For the Si (soil and crustal material) factor, there were no sig-
nificant positive associations. For the Se (coal combustion)
factor, associations were found only in Boston and in the com-
bined data. In an assessment with increase in mass of additional
elements, sulfur (as sulfate) showed the same pattern as that for
Se, that is, significant associations only in Boston among the
cities, and in the combined data. The findings for the Se factor
showed the opposite of a dose-response function (World Health
Organization [WHO], 2009), in that Se levels in Boston were the
lowest among all locations (7 times lower than in Steubenville,
OH, 3 times lower than in St. Louis, MO). A similar pattern was
found for sulfate, with higher sulfate levels in St. Louis,
Steubenville, and Harriman, TN, than in Boston.

Grahame et al. / Journal of the Air & Waste Management Association 64 (2014) 620—660

Using U.S. EPA data, Grahame and Hidy (2004) found that in
Boston, about three-fourths of the Se appeared to result from
burning of residual oil for electricity generation (there were
1700 MW of residual oil power plants within 8 km of the moni-
tor), and about half the sulfate was also from local residual oil
power production. Rahn and Lowenthal (1985) illustrated similar
results; that is, half the pollution found at monitors in two New
England locations resulted from local combustion marked by high
levels of vanadium (V), a marker for residual oil use (widespread
in New England at the time), even though Midwestern SO,
emissions were 10 times higher than were those in New England.

Thus, Grahame and Hidy (2004) suggested that Se was not
a marker for one source (nor was sulfate), but rather two
sources, with substantial amounts of Se and sulfate coming
from residual oil burning, but only in Boston. The known
toxicity of residual oil components caused Se to be associated
with daily mortality in Boston. The apparent finding is that
co-mingled emissions from one of these sources (residual oil
burning) might more likely be causally related to daily mor-
tality. Finally, if much of the Se in Boston is from a different
source than elsewhere, it would be inappropriate to combine
data to look for an association if Se represented differing
sources of emissions having disparate toxicities in different
localities. The finding that associations might be the result of
such confounding is one of the concerns highlighted by Evans
et al. (1984).

A source apportionment study with accurate exposure should,
in theory, provide more reliable health associations with poten-
tial source types (factors). The Riediker et al. (2004) study of
troopers in their cars, working mainly on freeways and busy
streets, may meet this criterion. The authors looked only for
factors derived from in-vehicle exposure, reflecting on-road
and near-road emissions or dust particles. Such a study improves
the ability to create factors accurately reflecting composition of
near-roadway and roadway sources.

The preceding discussion suggests that most source appor-
tionment studies may, in fact, add uncertainty, instead of redu-
cing uncertainty, in attempting to determine which PM species
are particularly harmful—or less so—to humans. This is
because we cannot know whether a given study has identified
the correct number of factors, and whether the factors are
appropriately identified or whether there has been co-mingling
of common species among factors, and because subject expo-
sure to spatially variable “factors” will be poor. In our view,
these uncertainties are why factor analyses so often give contra-
dictory results, even for similar locations. With a goal of redu-
cing uncertainty, we refrain from discussing further source
apportionment analyses that do not meet the exposure criteria
in the preceding paragraph.

Modeling pollution levels to residences for use in epidemiologic
studies. By the late 2000s, several research groups modeled
pollutants to residences of subjects admitted to hospitals or
deceased, as a way of improving the ability to accurately link
exposures to spatially variable emissions with adverse health
effects. Maynard et al. (2007) used BC, while Jerrett et al.
(2009) used NO, as a proxy for exposure to vehicular emissions.
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Furthermore, attempts have been made to make better use of
available data in studies where accurate exposure information is
not available. These new studies attempt to use different assess-
ment methodologies than those previously employed (Mostofsky
etal., 2012).

Epidemiology studies using improved methodologies
to assess all-cause and cardiovascular/
cardiopulmonary mortality

Highway proximity studies and studies of traffic volume near
residences.  Table S2 presents results of 15 available studies
that associate mortality risks with close proximity to highways
(100 m unless noted otherwise) and/or major urban roads (50 m
unless noted otherwise) in North America and Western Europe.
These are distances in which roadway emissions are substantially
elevated (Zhu et al., 2002; Roorda-Knape et al., 1998), relative to
further distance from roads. Table S2 also includes studies that
examine morbidity (CVD or stroke) associations with high levels
of traffic density near residences.

These studies include cohorts ranging from 1389 to more than
121,000 people, and found that close proximity to roadways and
major urban roads, and/or higher traffic density, are associated
with early mortality, all-cause mortality, and/or cardiovascular or
cardiopulmonary mortality. The reduction of both vehicular
pollution and mortality, with greater distance from major road-
ways, is similar to the reduction of mortality in Figure 1, where
pollution was reduced not by increasing distance from roads, but
by ventilation of roadway tunnels in which tunnel officers
worked. In both cases, a reduction in vehicular pollution was
associated with significant reduction in mortality.

A number of additional studies associate close residential
distance to highways with increased symptoms related to cardi-
ovascular and other disease states. Examples of such studies
include Hoffman et al. (2007) with incidence of coronary heart
disease; Jacobs et al. (2011) with increased carbon load in airway
macrophages and increased oxidized low-density lipoprotein
(LDL); Hoffman et al. (2006) with increased coronary artery
calcification; Hoffmann et al. (2009) with increased risks of
peripheral artery disease for those living within 50 m of a
major road, versus 200 m or more distant; Lue et al. (2013)
with reduced renal function (glomerular filtration rate) equiva-
lent to a 4-year increase in biological age; Van Hee et al. (2009)
with higher left ventricular mass index (LVMI), equivalent to 5.6
mm Hg greater systolic blood pressure; and Kuenzli et al. (2010)
with progression of atherosclerosis (like Van Hee et al. [2009],
Kuenzli et al. [2010] found that total PM, 5 mass associations
failed to reach significance).

While Allen et al. (2009) did not find any associations
between proximity to traffic and development of aortic athero-
sclerosis, almost half the subjects in Allen et al. (2009) were
from New York and Chicago. Since Restrepo et al. (2004)
showed that highway pollutants rapidly become less concen-
trated with vertical distance from a highway, Allen et al. (2009)
consequently speculated that associations with vehicular emis-
sions might have been reduced for subjects living in high-rise
buildings in these localities.
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Effects found in the studies just noted parallel those of Peters
et al. (2004), who found a strong association between having an
initial myocardial infarction (MI) and being in traffic an hour prior
to the heart attack—whether in a car, on mass transit, or on a
bicycle.

Studies beginning in 2002 shown in Table S2 were ground-
breaking in that they used improved exposure information
regarding highway emissions to suggest that the elevated pollu-
tion near such roads may be causally related to various forms of
mortality, especially from cardiovascular and cardiopulmonary
causes. Although this breakthrough in exposure assessment to
locally variable emissions clarified that living near major roads
is likely to accelerate CVD disease states and reduce life expec-
tancy, other exposure assessment methods might offer further
improvements in understanding how pollution from roadways
cause these adverse health effects.

Highway proximity studies appear to fulfill the first criteria
used by the U.S. EPA to determine causality, which is consis-
tency in making similar findings among many studies, with
different authors, in different locations.

In theory, assessing health effects associated with specific
pollutants, with accurate subject exposure information for BC
and other vehicular emissions (including those from tire and
brake wear), could be at least as useful as highway proximity
studies, for two reasons: (1) Roadways with similar traffic counts
might substantially differ in numbers of diesel trucks and buses;
and (2) traffic counts on major roads can substantially differ. In
order to directly compare effects of different PM species, we now
discuss studies associating measures of multiple pollutants with
adverse health effects. Investigations using toxicology and
human panel studies should aid identification of which specific
pollutants might be causally related to disease.

Studies using BC/EC or other vehicular emissions, including
several different centrally monitored PM, s species. ~ Table S3
shows mortality associations from eight studies that use multiple
PM species, including BC/EC, but that do not model pollutants
to the home of subjects or decedents. As reasonably expected
from studies that derive subject exposure for a large area from a
central monitor, the results are not consistent for spatially vari-
able emissions, because subject exposure among the studies can
reflect different levels of exposure misclassification.

Lipfert et al. (2006b, 2009) examined all-cause mortality
associations with many different pollutants in 206 urban and
rural counties across the United States. Lipfert et al. (2006b)
used 33 pollution measures, 15 of which were elements (mostly
metals), plus EC, OC, sulfate, nitrate, various gases, and traffic
density. The most consistent associations among single and
multiple pollutant models are with traffic density; both single-
and multipollutant models show strong associations with EC,
nitrate, Ni, and V. Lipfert et al. (2009) used 12 HAPs (hazardous
air pollutants, classified by the U.S. EPA, three of which are
diesel exhaust, characterized by diesel particulate matter [DPM],
benzene, and formaldehyde) plus EC, sulfate, oxides of nitrogen,
SO,, and traffic density. Lipfert et al. (2009) found strong
associations with traffic density, but found that associations
were strongest with traffic-related air pollutants, that is, EC,
DPM, oxides of nitrogen, benzene, and formaldehyde; mortality
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risks were significant for Ni but not for Si. Neither Lipfert et al.
study found any associations with sulfate. However, Lipfert et al.
(2009) found significant mortality risk associations with SO,,
but only in high-traffic-density counties, “where SO, appears to
be a surrogate variable,” presumably related to vehicular emis-
sions. Once again, an association was identified that might
represent causality by a co-emission, not by the “surrogate
variable.”

Lipfert et al. (2006a) included traffic density with a smaller
set of pollutants: PM, s, sulfate, nonsulfate PM, s, coarse PM,
peak CO, NO,, and peak Os. Increased traffic density was
significantly associated with increased mortality risks, in one-,
two-, three-, and four-pollutant models. Only peak O3 was asso-
ciated with increased mortality risks in multipollutants models,
but in single-pollutant models, PM, 5, nonsulfate PM, s, coarse
PM, and peak O3 were associated. BC was not monitored, but
roughly implied in traffic density measures, similar to the way
proximity to major roads roughly implies BC.

In another cohort study, Ostro et al. (2007) examined associa-
tions of 14 elements plus PM, s, EC, OC, nitrate, and sulfate,
with all-cause, CVD, respiratory, and daily mortality for people
>65 years of age, for each of two time periods (annual, winter
months), thus allowing for up to eight associations with daily
mortality for a given pollutant. The authors found EC associa-
tions for risks of CVD mortality annually. A number of associa-
tions were also found for PM, 5 and several PM, 5 metal species;
the authors noted that many of the PM species appeared to be
associated with either vehicular emissions or with tire or brake
wear (e.g., EC, Cu, Zn). Si was associated with all-cause mor-
tality risks and risks in winter months for those >65 years of age,
while Ni was not associated with any adverse health outcomes.
Ostro et al. (2007, 2010) noted that exposure misclassification
might have attenuated associations with spatially variable emis-
sions, due to use of central monitor data as a proxy for exposure
for people across a wide area, and also noted that associations
with a given emission might reflect either toxicity of that emis-
sion or of a substance highly correlated with that emission.

Ostro et al. (2010, including Ostro et al. [2011] erratum)
examined associations for eight PM, 5 species at two different
geographic scales: for those living within 8 km of a monitor, and
for those living within 30 km of a monitor. For those living
within 8 km, daily mortality associations were found with all-
cause, cardiopulmonary, and ischemic heart disease (IHD) mor-
tality, for all eight pollutants in the model, including EC. When
restricted to only study subjects within 30 km of a monitor (data
from 2011 erratum), no associations with all-cause or pulmonary
mortality were identified. All pollutants were associated with
IHD mortality, and several pollutants (excluding EC) were asso-
ciated with cardiopulmonary mortality. Si was among the pollu-
tants examined, but Ni was not.

Klemm et al. (2011) analyzed daily mortality for a period of 9
years and 5 months in four counties in Atlanta, GA, examining
associations with 24-hr average PM, 5, EC, OC, NOs, and SOy;
maximum 3-hr Os; and maximum 1-hr NO,, CO, and SO,. All-
cause mortality associations were found for same day PM, 5, EC,
OC, and CO, suggesting the importance of traffic emissions.

Franklin et al. (2008) used a two-stage procedure. First, they
examined the association of PM, s with daily mortality in each of
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25 different communities (20002005 mortality data from same
database as in Krall et al., 2013, described next). Then, using meta-
analysis, they examined how the pooled seasonal associations
might be modified by any of 18 emissions, including BC, OC,
sulfate, nitrate, the ammonium ion, and various metals. They con-
cluded that the magnitude of PM, 5 mortality associations increased
when Al, Si, As, S, and Ni were a larger proportion of PM, 5. This
study thus suggested that fugitive dusts containing Al and Si were
more harmful than “average” PM, s, but that BC was not. The
authors discussed the importance of exposure error within a city,
but also pointed out that the coefficients of variation for BC in their
study were small because the city-based ratios of BC to PM showed
low variability across the 25 communities examined.

Krall et al. (2013) used death certificate data from the
National Center for Health Statistics database to examine
short-term mortality associations (2000-2005) in 72 U.S cities.
Pollution data included PM, 5 and the seven most abundant
PM, 5 species in ambient U.S. air: ammonium ion, EC, nitrate,
organic carbon matter (OCM), Si, sodium ion, and sulfate. Krall
et al. employed a two-level Bayesian hierarchical model to
estimate mortality risk. Significant mortality risk associations
were found for PM, 5, OCM, EC, Si, and the sodium ion. The
authors found no seasonal or regional variation between PM, 5
and mortality risks; nor did mortality risk vary by region or
season for the four PM species with significant associations.
Associations with the sodium ion remain perplexing, but a
potential hypothesis could be that since a main source of Ni in
most parts of the United States is residual oil in shipping,
perhaps the sodium ion (most likely from sea salt) might be
correlated with Ni, with the effects of Ni perhaps being to
some extent attributed to sodium.

The findings of Krall et al. (2013) regarding EC suggest that
the significant and positive results with EC in the Lipfert et al.
studies relative to Franklin et al. (2008) may be due to greater
differences in BC concentrations among 206 counties, or to
greater ratios of BC to PM. Differences in findings might result
partially from the use of a Bayesian hierarchical approach in
Krall et al. (2013), and/or to the larger number of localities used
in Krall et al. (2013).

The results of the studies in Table S3 may be summarized
as follows with regard to vehicular emissions: Using different
methodologies, studying either daily or long-term mortality,
traffic density was always robustly associated with mortality
risks, and BC/EC was also associated with mortality end-
points, with the exception of one study. Other PM, 5 species
were occasionally associated with mortality risks, but less
frequently than traffic density or BC. In the Ostro et al. stu-
dies, PM species other than EC were found to be significantly
associated with a mortality endpoint more frequently than EC.

Janssen et al. (2002) used PM data representing several dif-
ferent sources to examine morbidity effects, that is, whether
associations with hospital admissions for heart and lung diseases
increased as the proportion of PMj, from different sources
increased. The authors obtained U.S. EPA data on PM;, emis-
sions by emissions source, vehicle miles traveled (VMT), and
population density, for 14 localities across the United States.
Janssen et al. (2002) was the first study to examine whether
prevalence of central air conditioning modified pollutant
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associations. For CVD admissions, in single-pollutant models,
significant associations were found for increasing proportion of
PM,, from highway vehicles, highway diesels, oil combustion,
and metal processing, as well as with population density and
VMT/mile. No associations were found for increasing PM;
from coal or wood combustion; a negative significant associa-
tion was found for fugitive dust PM. In multipollutant models,
associations were found only with PM; from highway vehicles/
diesels and oil combustion. Cities with higher percentages of air
conditioning had lower CVD hospital admission rates. The
authors concluded that both percentage of central air condition-
ing and proportion of PM from highway vehicles/diesels mod-
ified the effect on CVD related hospital admissions.

Table S4 describes nine studies that examined associations of
daily hospital admissions with many pollutants, including EC/
BC. EC (and other measures of traffic pollution such as CO) was
significantly associated with hospital admissions in each study.
This summary finding was not observed for any other PM, s
species. In the two studies that included Ni and V among the PM
species, both were significantly associated with hospital admissions
(Ni and V are indicators of residual oil combustion). Si was not
found to be significantly associated with daily hospital admissions
in any of the four studies that included Si among the PM species
assessed. Again, despite the BC/EC associations, exposure mis-
classification might have caused BC risk to be underestimated.

Comparing the studies in Tables S3 and S4, studies that use
central monitor data and that include many pollutants, it appears
that EC and other measures of traffic emissions were statistically
associated with the health endpoint considered in all but one
study. No other PM, 5 species was associated as frequently with
the health effect analyzed. However, Ni was significantly asso-
ciated with adverse health risks in five of the six studies, whereas
Si was associated with adverse health endpoints in only four of
the nine studies.

Thus, Tables S3 and S4 again show consistent, significant
health associations with regard to BC/EC and/or traffic density,
in different geographic areas, in studies using different study
designs, again fulfilling the first U.S. EPA criterion for assessing
causality, consistency of associations by multiple research
designs in multiple settings.

Studies modeling vehicular emissions to residences. — The find-
ings of the multipollutant studies already discussed may be com-
promised by exposure misclassification, since the studies used
centrally monitored emissions data for estimated exposure. In this
section we examine studies that modeled traffic emissions of var-
ious types to residences of subjects, thus reducing exposure mis-
classification, and then compare results to those in the previous
section. The studies in Table S5 represent substantial geographic
diversity among countries in North America and Western Europe.

Gan et al. (2011) modeled four pollutants (BC, NO,, NO,
PM, 5) at >450,000 residential homes in Vancouver, Canada, in
which the residents were not known to have coronary heart
disease (CHD) at baseline. The risks of CHD hospitalization or
mortality were examined using BC, NO,, and NO as markers for
vehicular emissions. BC was associated with risks of both CHD
endpoints with “clear linear exposure-response relationships
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between BC and coronary events.” PM, 5 was associated with
increased risk of hospitalization only, without evidence of a
linear relationship. Linear relationships were found for NO,
and NO with CHD mortality; the relationships were generally
attenuated after adjustment for BC, suggesting the greater impor-
tance of BC.

Jerrett et al. (2009) modeled NO,, O3, and PM, 5 to the homes
of 2360 subjects served by a clinic in Toronto, Canada. NO, was
seen as a marker for traffic emissions, not as a causal factor.
Associations were found for increased all-nonaccidental and circu-
latory mortality for an IQR increase in NO, concentrations. NO,
associations were lower in magnitude but more significant than
associations for distance from highways. The authors suggest that
modeled vehicular emissions may have less exposure error than
“distance to highway,” which does not account for traffic types and
amounts. A companion study by Beckerman et al. (2012) found
that an increase from the 10th to the 90th percentile of NO,
concentrations was associated with significant risks of IHD.

Chen et al. (2013b) used a random cohort of over 205,000
residents, aged 35 to 85 years, and modeled NO, levels in three
cities in Ontario, Canada, to examine associations with CVD,
THD, and cerebrovascular mortality. They found that each increase
of NO, levels by 5 ppb was significantly associated with increases
in CVD and IHD mortality.

In a case-control study, Neupane et al. (2010) modeled aver-
age annual NO,, SO,, and PM, 5 concentrations to homes of
residents of the industrial (steelmaking) city of Hamilton,
Ontario, Canada. The authors found that long term exposure to
NO, and PM,; s, but not to SO,, were associated with increased
risks of hospital admissions for pneumonia for people over 65
years of age.

In a case-crossover study, Maynard et al. (2007) examined
approximately 100,000 deaths from 1995-2002 in the Boston,
MA, area. The authors modeled BC to the homes of residents,
and acquired sulfate data from a monitor adjacent to a major
urban road with bus and truck traffic. Interquartile range (IQR)
increases in previous day’s BC and sulfate were associated with
increases of 2.3% and 1.1% in all-cause daily mortality, respec-
tively, in single-pollutant models. In a two-pollutant model, BC
risks remained significantly associated and nearly identical
(2.2% increase), but sulfate risks were no longer significant.
Reponen et al. (2003) found sulfate gradients away from major
roads, reflecting levels of sulfur in fuels in the period studied by
Maynard et al. (2007). Therefore, the location of the monitor
adjacent to a major road might suggest commingling of sulfate
from long distance transport with vehicular sulfate, possibly
explaining why the sulfate association disappeared in a two
pollutant model incorporating BC (Grahame and Hidy, 2007b).

In another case-control study, Tonne et al. (2007) examined
4565 survivors of acute Mls in the greater Worcester, MA, area.
A pollution variable for traffic emissions was created using
PM, 5 filter light absorbance and NO, This variable was then
modeled to the homes of subjects. An IQR increase in concen-
trations of traffic particles was associated with a 10% increase in
odds of an acute MI (Tonne et al., 2007).

Wellenius et al. (2012) modeled BC to the homes of 1705
subjects who were hospitalized with acute ischemic stroke in the
Boston, MA, area. Data on other pollutants (NO,, CO, Os,
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PM, 5, and SO4) were centrally monitored. Comparing 75th
percentile to 25th percentile of pollutant in 24 hr preceding
onset of stroke, significant associations for risk of ischemic
stroke were found for PM, s, estimated BC, and NO,. The
authors viewed these results as suggesting that traffic emissions
may be particularly harmful.

Both Brunekreef et al. (2009) and Beelen et al. (2009) utilized
data from a cohort of about 120,000 subjects in the Netherlands.
Brunekreef et al. (2009) found mortality risks associated with a
IO-pvg/m3 increase in black smoke (BS), while similar-sized
risks for PM, 5 were not found to be significant. When only the
three largest Dutch cities were assessed, the magnitude of BS
associations roughly tripled. One possible reason may be is that
fresh vehicular emissions in the large urban areas, prior to atmo-
spheric aging and agglomeration, might be more harmful, as
suggested by Li et al. (2003). The HEI review committee for
this report suggested possible, not mutually exclusive explana-
tions for the higher BS associations when only the three cities
were considered: (1) Emissions in the three cities might be more
toxic than in the country as a whole; and (2) greater exposure
misclassification for the entire cohort, than when only subjects
in the three largest cities were included. Beelen et al. (2009)
found large and significant associations for cerebrovascular
mortality and for heart failure with BS, background (regional)
NO,, and background PM; s.

Beverland et al. (2012) studied short- and long-term associa-
tions of modeled BS concentrations with all-cause mortality.
Two cohorts were used: One cohort was of elderly subjects
(Renfrew/Paisley cohort), living in counties adjacent to
Glasgow, Scotland; the second was of younger people across
central Scotland recruited in workplaces (collaborative cohort).
Using a nested case-control modeling approach, the authors
found a 1.8% increase in mortality for an increase of 10 pLg/m3
(3-day mean exposure) in modeled BS in the Renfrew/Paisley
cohort. This differed from a time-series study using central
monitor BS data, where smaller associations (0.2% increase in
mortality) were found (Beverland et al., 2007). Noting that a
time-series study using central monitor data cannot illuminate an
individual’s specific characteristics, nor specific exposure, the
authors suggested that the case-control approach using modeled
BS may be superior on methodological grounds.

Newer methodologies when accurate exposure data are not
available. Mostofsky et al. (2013) recognized that a deficit
of “standard” models that simply associate PM, 5 and PM, s
constituents in the model with health endpoints is that “consti-
tuents that are more strongly correlated with PM, 5 may appear
more closely related to adverse health outcomes than other con-
stituents even if they are not inherently more toxic.” Using 18
PM, 5 species (including BC plus elements such as Ni, V, Si, Se,
and S), and examining associations with ischemic stroke, the
authors created five new methods for examining associations of
pollutants with adverse health outcomes, each with possible
theoretical advantages relative to standard models, in order to
gauge the toxicity of PM, s constituents. Two of the newer
models were selected as being superior to the other three newer
models. Figure 2 shows the comparison from these two new
methods with the “standard” method. In all three methods, BC
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and Ni showed the largest incidence rates for ischemic stroke
onset in the 24 hr following exposure among admittees to a
Boston medical center. BC was always significantly associated,
while Ni was marginally associated. No other emissions showed
consistent positive associations that were close to significance,
and several showed positive associations in the “standard” model
but negative associations in one or both of the newer models
(e.g., S, Na, Al, Br, Ca, Zn).

While other studies reviewed herein showed consistent asso-
ciations with BC in different geographic areas, in different model
formulations, and with different mixes of pollutants, Mostofsky
et al. (2012) also showed consistent associations between BC
and ischemic stroke, but in the context of different model for-
mulations using the same data in each case.

Cardiovascular morbidity—human panel studies

This section examines studies regarding which pollutants may
affect the development and/or exacerbation of cardiovascular and
cardiopulmonary diseases. Particular advantages of human panel
studies with a small number of patients are that researchers can
acquire information about a subject’s underlying health and can
monitor emissions in close proximity to subjects in some cases.
Knowing things like genetic capability to resist oxidative stress,
whether subjects are taking statins and other drugs, and whether
they have diabetes or are overweight, in addition to age, sex,
health, and smoking status, can help researchers better understand
interactions between pollution and health status, isolate effects of
pollution, and identify subgroups that might be more susceptible
to effects of pollutants. Among the health parameters studied were
blood pressure, inflammation, oxidative stress, heart rate variabil-
ity, platelet and lipoperoxidation parameters, arrhythmias, tachy-
cardia, and telomere shortening. These studies can help link
studies of all-cause and CVD mortality and CVD hospitalization,
with biological mechanisms that may help explain associations
between pollution and these health outcomes. Each of these
studies examines BC and/or EC, and in the great majority of
studies, other PM, s species as well. None of them include
PM, 5 metals, making it impossible to examine health associa-
tions with Ni, for example.

We examine two sets of studies. One set is from the Harvard
School of Public Health (HSPH) (Table S6), of which many
studies used subjects from the Normative Aging Study, a long-
studied cohort of veterans in the greater Boston area. These
studies allow substantial comparison across health endpoints,
and among studies with different degrees of exposure accuracy.
The second set of studies is from researchers in southern
California, led by Professor Ralph Delfino (Table S7), in
which all the studies feature excellent subject exposure measure-
ments. Although each group examines many of the same end-
points, they often do so with different biological methods, and
include different sets of pollutants.

Harvard School of Public Health studies.  The first 10 studies
in Table S6 have good-to-excellent subject exposure. In each
study, BC was strongly associated with health endpoints,
including HRV (several different measures), ST-segment
reduction, carotid intima-media thickness, cognitive function
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Figure 2. Incidence rate ratios and 95% confidence intervals for the association between an interquartile range increase in particle constituents and ischemic stroke
onset in the following 24 hr among 1060 patients hospitalized for acute ischemic stroke who resided in the Boston, MA, metropolitan area, 2003—2008. The results are
presented for models with parameters for constituent concentration (a), constituent concentration adjusted for total particulate matter (b), and constituent residuals (c).
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in elderly men, leukocyte telomere length (LTL), systolic and
diastolic blood pressure, circulating biomarkers of inflamma-
tion, and endothelial response (soluble adhesion molecules).
Suh and Zanobetti (2010) and Schwartz et al. (2005a)
included BC with other pollutants (PM, 5 and either sulfate
or “secondary PM,” lacking BC); either BC alone was asso-
ciated with changes in the HRV endpoints, or PM, 5 associa-
tions were found to be significant only when highly correlated
with BC, but not otherwise. Gold et al. (2005) found BC but
not PM, 5 to be associated with decreased ST-segment reduc-
tions (no other pollutants were included). In Adar et al.
(2007), PM, 5 and BC associations were very similar, perhaps
because when the subjects were in a diesel bus, both PM; 5 and
BC concentrations were sharply higher than at other times.
Six of the studies did not measure other pollutants, and thus
do not allow for comparison of BC associations with those of
other pollutants, nor do they allow evaluation as to whether
BC associations might change if other pollutants were
included in the model.

The next 27 studies in Table S6 use pollution concentrations
from centrally located monitors (generally 10 to 50 ft above

street level) as proxies for subject exposure. Associations with
BC thus would be more likely to be attenuated than those for
pollutants with less local spatial variability—for example, PM, s
and sulfate, as stated in several of these studies. In most cases,
subjects came from the greater Boston area, usually within 25
km of the clinic they visited. Health endpoints include most of
those in the first 10 studies, plus several others. A short summary
of the findings is as follows:

BC/EC: Examined in 27 studies, significantly associated with
endpoint in 20.

PM, 5: Examined in 25 studies, significantly associated with
endpoint in 20.

Sulfate: Examined in 14 studies, significantly associated with
endpoint in 8.

The fact that BC is as likely to be associated with adverse end-
points as PM, 5, and more likely to be associated than sulfate, is
unexpected, since with greater local spatial variability for BC,
there should be more measurement error when central monitor
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concentrations are used as a proxy for subject exposure for BC,
than for PM, 5 or sulfate. Greater measurement error for BC
should bias BC associations toward the null. Therefore, these
findings suggest that BC/EC (and vehicular emissions with
which they are correlated) are more likely to be harmful, since
they are associated with adverse endpoints more frequently than
are emissions for which there is less spatial variation. Several of
the studies specifically note that their results suggest effects from
traffic. As with studies with good to excellent exposure in Table
S6, which examined multiple PM species, BC and traffic emis-
sions were more frequently associated with any given health
endpoint than were either PM, 5 per se or other PM species.

The last 3 studies in Table S6 were conducted in Steubenville,
OH, using a monitor on a hill over 100 m above, and ~1.5 km
from, subjects’ residences. Just as pollutant concentrations are
largely dispersed within a hundred meters or so of horizontal
distance from major roadways (Zhu et al., 2002), they are also
dispersed with vertical distance from roadways, dropping by half
or more within 15 vertical meters (Restrepo et al., 2004).
Therefore, dispersion of such pollutants will be considerably
greater more than 100 m higher than the roadway at the top of
a hill than at a typical standard monitor, which is usually about 3
to 15 m above ground. Exposure misclassification would, there-
fore, be potentially worse than in the previous studies; the BC/
EC or other traffic emission concentrations measured at this site
are quite unlikely to reflect actual exposure of people living ~1.5
km away and 100 m or more lower in elevation.

These last three studies do not show BC associations.
Associations are only with PM, s and sulfate. Grahame (2009)
suggested that when exposure error for BC was greatest, not only
was there less chance of finding BC health associations, but
associations might be transferred from the least well measured
pollutant to those with less measurement error. The three
Steubenville, OH, studies are consistent with but do not prove
this possibility. Further analysis is certainly required, including
analysis of local emissions (e.g., remaining metals manufactur-
ing) at the time of the study.

Although the HSPH studies add to our understanding of how
PM, 5 species affect public health, few HSPH or any other human
panel studies included metals, especially Ni. (Ni may be particu-
larly important because of the number of population-based epide-
miology studies finding Ni associations [e.g., Bell et al., 2009a,
2012; Mostofsky et al., 2012; Lipfert et al., 2006b, 2009; Zanobetti
et al., 2009].) The value of human panel studies will be increased if
researchers can jointly assess effects of additional PM, 5 species,
including metals such as Ni, Cu, and Fe, with PM, 5 species more
commonly assessed today, such as BC and sulfate.

Delfino et al. studies. Three particular features set the seven
Delfino et al. studies (Table S7) apart from other human panel
studies. One is that the studies used a very specific, large group
of urban pollutant metrics, including BC, EC, OC, POC, SOC
(see Delfino et al. [2008] for specifics on measurements of these
species), particle number, PAHs, hopanes, several different PM
size fractions, particle number, and gases such as CO, NO,, NO,,
and O3, although not all these pollutants were assessed in every
study. A second feature was that pollution monitors were set just
outside and inside several retirement communities in the Los
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Angeles area, and pollutants were measured for up to 9 conse-
cutive days; this ensured that subject exposure was quite accu-
rate, and that any effects examined in the studies (e.g., blood
biomarkers) would not be missed should they occur only over a
multi-day period. The third feature was that subjects were non-
smokers, aged 65 years or older, who had a history of coronary
artery disease, ensuring commonality when comparing across
different health endpoints. The combination of these features
enabled very precise associations of either primary or secondary
emissions with a large number of different biomarkers in blood,
such as those for oxidative stress, inflammation, and platelet
activation, as well as for cardiovascular endpoints, such as ST-
segment depression, HRV, arrhythmia, and blood pressure.

The Delfino et al. studies showed that primary vehicular
emissions—mostly BC/EC and POC (and PAHs)—were asso-
ciated with almost all endpoints examined. SOC was not asso-
ciated with any of the blood biomarkers or with ST-segment
depression, but was associated with blood pressure increases;
however, the increased blood pressure associated with an IQR
increase in POC was roughly twice as much as for an IQR
increase in SOC. For most of the large numbers of effects
examined, all of which are relevant for cardiovascular issues, it
was primary vehicular emissions that are of most importance.
The usually negative SOC findings are of interest, since most
studies, if they examine OC at all, use just OC, impeding the
ability to know if POC or SOC is driving an association. The
SOC findings should be viewed as preliminary, since few studies
to date have examined SOC associations with various health
endpoints, especially with human subjects.

Toxicology of Relevant PM, 5 species:
Cardiopulmonary effects of diesel exhaust

Causality between exposure to specific types of PM and health
effects observed in epidemiological studies may be supported if
biological mechanistic evidence is consistent with the etiology/
pathophysiology of these health outcomes. Toxicological studies
can provide indications as to whether the effects of concern are
biologically plausible and may reasonably be attributed to the
pollutant of interest. This section provides an overview of toxico-
logical evidence for cardiopulmonary effects of diesel engine
exhaust (DEE). Details of specific studies are provided in the
Supplementary Material.

DEE is a mixture of fine PM (diesel PM, DPM) and gases. It
consists of a central carbon core with various adsorbed and
absorbed combustion products (e.g., organic chemicals, such
as PAHs, and transition metals). The mass concentration of
freshly emitted DPM is dominated by particles that are typically
50—-100 nm in diameter, but the number concentration is domi-
nated by smaller particles having diameters below 50 nm (Barath
et al., 2010). The exact composition of DEE varies by engine
type and age, operating conditions, fuel composition, and
exhaust treatment.

There is much toxicological support for adverse cardiopul-
monary effects of DEE that are mediated via inflammation
resulting from oxidative stress (Ristovski et al., 2011). Lung
inflammation is a complex set of responses that involves a
sequence of events involving various biological mediators
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(cytokines) derived from pulmonary macrophages and bronchial
epithelial cells. Oxidative stress results when there is an imbal-
ance between the production of reactive oxygen species (ROS)
and the availability of endogenous antioxidant defenses. The
induction of oxidative stress is a hierarchial event, in which
protective responses at lower oxidative stress levels yield to
proinflammatory effects at higher levels, with the ultimate bio-
logical effect in the respiratory tract being a function of the
dynamic equilibrium between these protective and proinflamma-
tory responses (Li et al., 2003; Xiao et al., 2003).

Exposure to DPM has been demonstrated to result in activa-
tion of the dual pathway just noted, and DPM does induce the
aforementioned hierarchy of oxidative stress effects ranging
from protective to injurious. For example, some organic chemi-
cals derived from DPM induce expression of enzymes in macro-
phages and bronchial epithelial cells that initially protect against
the proinflammatory effects of exposure (Li et al., 2004). While
ROS are normal products of aerobic metabolism in cells, under
conditions where ROS production increases beyond the ability to
detoxify these chemicals, molecular damage may occur. Thus,
other studies have shown production of proinflammatory cyto-
kines following DEE exposure (Diaz-Sanchez et al., 1997; Diaz-
Sanchez et al., 2000; Wang et al., 2005). DEE may also impact
the immune response. One result could be increased prevalence
of infectious pulmonary disease. For example, DPM was found
to suppress cell-mediated cytotoxicity by affecting the activity of
natural killer (NK) cells (Muller et al., 2013), which may result in
a reduced ability to kill virus-infected cells, thus increasing
susceptibility to viral infection. Increased viral susceptibility in
DEE-exposed animals has been reported (McDonald et al., 2004,
2011).

Alteration in response to pathogens may also be due to the
immune system’s role in mediating the inflammatory response
following exposure to DEE (Ristovski et al., 2011). In the innate
immune system, pathogens are recognized by receptors expressed
on antigen-presenting cells, which include dendritic cells, macro-
phages, and B cells. DPM has been shown to increase expression
of some of these receptors in human bronchial epithelial cells,
which may result in suppression of ROS release from alveolar
macrophages (Sawyer et al., 2010), affecting the ability to kill
microorganisms. Ambient PM in general has been implicated in
cardiovascular morbidity and mortality, and DEE appears to play
a role in this regard. A number of potential pathophysiological
mechanisms may underlie this apparent relationship. DPM has
been shown to induce ROS related lipid peroxidation to produce
oxidized low-density lipoproteins, which can serve as a stimulus
for monocyte migration into subendothelial spaces, representing a
potential step in the development of atherogenesis (Ross, 1999;
Ikeda et al., 1995). Active, unstable atherosclerotic plaques are
characterized by increased accumulation of lipid and thin fibrous
caps (Ni et al., 2009). Plaque disruption and atherothrombosis are
underlying causes of a large percentage of sudden cardiac deaths
(Burke et al., 1997). Exposure to DEE has been shown to result in
increased numbers of alveolar macrophages and increased plaque
lipid content in certain strains of mice (Bai et al., 2011). In
addition, expression of oxidative markers was increased in these
plaques. Thus, it appears that DEE promotes changes in plaques
characteristic of unstable plaques, suggesting that DEE-induced
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oxidative stress affects plaques as well as pulmonary tissue (Bai
etal., 2011).

Endothelial dysfunction may be another risk factor for future
CV disease, and for deaths in patients with existing coronary
disease (Newby et al., 1999; Newby et al., 2001; Heitzer et al.,
2001). Poss et al. (2013) examined effects of DPM on endothe-
lial progenitor cells, which are circulating cells derived from
bone marrow that modulate cardiovascular function and regen-
eration. Atherogenesis, a specific form of arteriosclerosis in
which there is thickening of the arterial wall due to the accumu-
lation of calcium and fatty materials, was increased and produc-
tion of ROS was elevated. Aortas from certain strains of DEE-
exposed mice showed increased markers of vascular remodeling
as well as overall changes in plaque composition (Campen et al.,
2010); filtration of PM from the exposure atmosphere did not
alter the types of responses seen with emissions, although the
intensity of some of these responses was reduced.

The effects in the toxicological studies just described are
consistent with those from controlled human exposures, in that
DEE has been implicated in altering parameters that may
increase risk for CV disease. Table S8 outlines controlled
human exposure studies noted herein. Normal subjects exposed
to DEE showed evidence of increased thrombus formation and
indication of platelet activation (Lucking et al., 2008).
Thrombosis plays a central role in the pathogenesis of arterio-
sclerosis, and thrombosis at the site of a disrupted coronary
arterial plaque may result in occlusion of the vessel, resulting
in myocardial infarction (Lucking et al., 2008). DEE has also
been shown to promote thrombosis formation by inhibiting
endogenous fibrinolytic capacity, via reduction in release of
endothelial tissue plasminogen activator (Mills et al. (2007).

Controlled human exposure studies have also provided evi-
dence for DEE effects on other risk factors for CV disease, such
as altered hemodynamics. Normal subjects exposed to DEE
showed an immediate, but transient, increase in arterial stiffness
(Lundback et al., 2009). Enhanced arterial stiffness may be a
pathological process in hypertension (Laurent et al., 2001), and
may also result in greater central aortic systolic pressure,
increased left ventricular afterload, and reduced coronary blood
flow (Oliver et al., 2003). While the effect in this study was
relatively small, it may be more clinically significant in more
susceptible individuals, such as those with concurrent CV
disease.

Elevation of blood pressure is another risk factor for CV
disease, and epidemiological studies have noted a relatively
consistent association between short term exposure to PM; 5
(Dvonch et al., 2009: three areas of Detroit, MI) and BC and
POC (Delfino et al., 2010: elderly retirees in Los Angeles, CA,
with coronary heart disease) with increased systolic blood pres-
sure. However, controlled exposure studies with normal humans
have shown equivocal results, with some studies showing a
DEE-induced increase in systolic blood pressure and others
showing no effect (Cosselman et al., 2012; Mills et al. 2005)

The endothelium plays a critical role in controlling vasomotor
tone via release of vasoactive substances. Altered endothelial
and vasomotor function is involved in the pathogenesis of ather-
osclerosis and ischemic coronary disease (Zeiher et al., 1991;
Maseri et al., 1989). Normal human subjects exposed to DEE



636

showed attenuated vasodilatory response to various potent vaso-
dilators (Barath et al., 2010; Mills et al., 2005), indicating a
reduction in vasomotor homeostasis that may persist for up to
24 hr post exposure (Tornqgvist et al., 2007). The effect was
suggested as due to reduced availability of nitric oxide (NO) in
the vasculature, postulated, in turn, as due to oxidative stress
induced by DEE (Mills et al., 2005; Wauters et al., 2013).
Finally, DEE exposure was found to significantly upregulate
vascular endothelial growth factor, which stimulates the migra-
tion of monocytes/macrophages, may increase the permeability
of the vasculature, and may affect vascular tone (Peretz et al.,
2007; Park et al., 2002; Svedas et al., 2003).

It is not clear whether DEE-induced alterations of vascular home-
ostasis are a direct consequence of oxidative stress to endothelial
cells, or the result of systemic inflammation that affects endothelium
via interaction with leukocytes (Peretz et al., 2007); the vascular
endothelium plays a key role in the regulation of arterial tone
(Lundback et al., 2009). A proinflammatory response was noted
following exposure to DEE, and there was also upregulation of
genes coding for end products involved both in the inflammatory
response and in oxidative stress in peripheral blood mononuclear
cells of healthy subjects (Lundback et al., 2009). However, as in the
preceding, it was not possible to determine whether the proinflam-
matory response was induced by oxidative stress.

Another aspect of vascular function that could be related to
CV disease is clotting. Healthy subjects exposed to DEE showed
impairment of tissue plasminogen activator (t-PA) release from
vascular endothelium, indicating a potential effect on vascular
homeostasis (Barath et al., 2010). Impairment of t-PA following
exposure to DEE has also been observed by Mills et al. (2005).

There is a relationship between autonomic regulation of the
cardiac cycle and CV mortality, and some observational studies
have noted effects of ambient air pollution on such regulation.
One parameter used to assess this regulation is HRV; reduction in
HRV is associated with increased risk of CV morbidity and
mortality in both healthy individuals and patients following MI
(Tsuji et al., 1996; Kleiger et al., 1987). Studies finding associa-
tions between BC and reduced HRV, often in older or chronically
ill subjects, include Suh and Zanobetti (2010), Schwartz et al.
(2005a), Adar et al. (2007), Wheeler et al. (2006), and Park et al.
(2007). However, studies examining HRV in normal subjects,
and even in an at-risk population with stable coronary heart
disease, exposed to DEE showed no reproducible or consistent
changes in HRV related to exposure (Peretz et al., 2008; Mills
et al., 2011). Tong et al. (2014) found significant HRV associa-
tions in a study involving only six healthy, middle aged subjects
exposed to 300 pg/m’ of diesel exhaust from an idling engine.
Because all subjects had the GSTM1 null genotype, and thus
lacked a full protective defense against oxidative stress, HRV
changes after exposure to diesel exhaust and BC may be most
likely to occur to those without such full defenses (Chahine et al.,
2007; Schwartz et al., 2005b).

The Relative contribution of particle size and
chemistry to biological response

The extent to which effects of BC are due to size and/or to
chemistry has been the subject of considerable research. As
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noted earlier, DEE varies in physicochemical properties depend-
ing upon a number of factors, for example, age and repair status
of the engine, characteristics of the fuel, operating cycle, and so
on. Biological effects will likely depend upon the specific prop-
erties of the exposure atmosphere, and therefore results in a
controlled setting may differ from those found, for example,
when relating emissions from nearby roadways to health out-
comes in epidemiological studies. Smaller sized DPM or some
combination of various chemical components in DEE may trig-
ger different cell receptors and, therefore, different signaling
pathways than would larger particles in the fine mode
(Ristovski et al., 2011); this may account for some of the differ-
ences among various toxicological studies.

One approach to attempt to address the issue of size versus
chemistry in eliciting adverse health outcomes is to consider
carbon black (CB), an industrial product not found in ambient
air but that is almost entirely EC, with less than 1% extractable
organic compounds (Long et al., 2013). Using CB thus allows for
a reasonable determination of effects of an EC core before any
organic or other chemicals are adsorbed and the particle effec-
tively becomes BC. Responses to different sizes of CB have been
examined, with smaller sizes generally being more effective in
altering various biological endpoints. For example, after intranasal
instillation of 125 g of two different sizes of CB (14 nm and 95
nm), Tin-Tin et al. (2006) found that only the smaller size fraction
caused proinflammatory cytokine and chemokine activity in the
mouse olfactory bulb. Gilmour et al. (2004) exposed Wistar rats to
“uf” CB (114 nm) and to “fine” CB (268 nm), finding that only
the smaller CB particles induced significant increases in total
bronchoalveolar lavage (BAL) leukocytes and in blood leuko-
cytes. These studies have shown that nearly pure EC particles
can induce deleterious effects, at least at highly elevated levels of
exposure, and that the smallest such particles are more effective in
this regard. This is not surprising, in that ultrafine particles have
been found to penetrate the walls of human lung cells and damage
organelles far more easily than do larger, fine PM (Li et al., 2003).
Ambient EC particles are mostly in uf (ultrafine; usually particles
100 nm or smaller in diameter) or near uf size ranges (<0.056 pm;
0.056-0.10 pwm; and 0.10-0.18 wm; with another grouping
between 0.56 and 1.0 wm; Mauderly and Chow, 2008). Since
BC is approximately 75% EC (Long et al., 2013), BC occurs
within the ultrafine and near ultrafine sizes, which appear to be
the most potentially damaging.

While size clearly is a potential determinate of adverse bio-
logical responses, chemical makeup also determines the type and
extent of response. It is, however, not fully clear which chemical
components of the DEE mix (including organic gases) may be
responsible for the observed effects, although there appears to be
an important role for those associated with ROS production, for
example, transition metals and organic chemicals (Risom et al.,
2005). Organic extracts of DPM have produced proinflamma-
tory responses in lung tissue cells, while DPM that had these
organic components extracted did not show this response
(Bonvallot et al., 2001; Hiura et al., 1999; Li et al., 2000; Li
et al., 2002). Furthermore, the aromatic and polar fractions were
noted to produce a proinflammatory response (Li et al., 2000),
while the aliphatic fraction had no such effect (Ristovski et al.,
2011). The aromatic portion was enriched with PAHs, while the
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polar fraction was enriched with quinones. Also, transition
metals in DPM are potential mediators of inflammation
(e.g., Ghio et al., 1999; See et al., 2007), although this has not
been shown by all studies (e.g., Becker et al., 1996; Shukla et al.,
2000). One study in which human bronchial epithelial cells were
exposed to DPM found that carbon black particles mimicked the
effect of the inorganic portion of diesel exhaust and did not
increase ROS production (Baulig et al., 2003). Totlandsdal
et al. (2012) examined cytotoxicity and expression and release
of proinflammatory mediators in human bronchial epithelial
cells exposed to whole DPM, methanol DPM extract, or residual
DPM left after the extraction. It was found that both whole DPM
and DPM extract, but not residual DPM, induced marked expres-
sion of an enzyme involved in the inflammatory response, as
well as cytotoxicity and release of proinflammatory mediators. A
specific gene involved in Phase I metabolism and induced by
aromatic compounds was mainly induced by native and residual
DPM. The investigators noted that while the majority of PAHs
and PAH derivatives were removed in the methanol-extracted
samples, certain PAH derivatives, probably their carboxylic iso-
mers, were retained on the residual DPM. Thus, different com-
ponents of the DPM are likely involved in different aspects of the
DPM -induced proinflammatory response.

In a randomized, crossover study, Brauner et al. (2007) exposed
29 healthy volunteers to ambient urban ultrafine PM of different
sizes. DNA strand breaks in peripheral blood mononuclear cells,
caused by oxidative stress, and FPG repair sites, which repair
damaged DNA, were examined. Ultrafine PM in the 12 nm and
212 nm size fractions did not affect DNA strand breaks, but the
authors found that the 57-nm “soot” fraction caused systemic
oxidative stress with damage to DNA, and both the 57- and the
23-nm size fractions were associated with increased FPG repair
sites. The authors reported that the 23-nm size fraction represents
condensed semivolatile organic compounds from diesel vehicles.
Here, chemistry appears to determine adverse effects, with the
smallest uf particles having no effect.

Helfenstein et al. (2008) examined effects of diesel exhaust
particles and engineered nanoparticles (TiO, and single-walled
carbon nanotubes [SWCNTT) on neonatal rat heart cells in vitro.
A dose-dependent increase in oxidative stress and change in heart
function (impulse conduction velocity) was observed with expo-
sure to diesel PM and TiO,, but not with SWCNT. These results
are consistent with those reported by Verma et al. (2011), who
noted that the oxidative potential of atmospheric semivolatile
compounds in ambient PM was correlated strongly with organic
carbon and PAH content of the particles.

The role of chemistry in eliciting response is also evident
from Li et al. (2010), who examined effects of diesel emissions
in idling mode versus in an urban driving schedule. Particles
from the urban driving schedule contained higher levels of redox
organic compounds and metals on a per PM mass basis. Particles
from either mode upregulated stress-response genes and induced
superoxide production in human aortic endothelial cells.
However, those from the urban driving schedule also induced
expression of proinflammatory genes, and induced nuclear fac-
tor (NF)-kB activity.

Recognizing that carbon nanotubes can cross the cell wall of
rat macrophages, Pulskamp et al. (2007) examined effects of
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single- and multiwalled carbon nanotubes (CNTs), CB, and
quartz on acute toxicity and release of reactive oxygen species
in rat macrophages and human lung cells. While no acute toxi-
city was observed, a dose- and time-dependent increase in ROS
and decrease in mitochondrial membrane potential occurred in
both cell types with all particles, except for CNT (SWCNT) that
were acid treated to remove manufacturing impurities. The
authors concluded that traces of metal in the manufacturing
process were likely to have caused the effects noted with CNTs
not pretreated with acid. This also suggests that chemistry is
critical in ultimate response, regardless of size.

Diabate et al. (2011) tested effects of water-soluble and water-
insoluble municipal solid waste incinerator fly ash and CB in
human lung epithelial cells. Both fly ash and CB induced pro-
duction of ROS. Fly ash (insoluble fraction only) induced ROS
and was correlated with induction of heme oxygenase-1 (HO-1)
and with increase of Nrf2, but CB did not induce HO-1. ROS
generation and HO-1 inducement were inhibited by preincuba-
tion of cells by the antioxidant N-acetylcysteine (NAC), and
were reduced by the metal chelator deferoxamine, indicating
the role of bioavailable transition metals in causing the effects.

Mills et al. (2011) examined vascular effects of dilute diesel
exhaust (median diameter of DPM = 67 nm), filtered diesel
exhaust, and pure carbon nanoparticles (median diameter = 37
nm) versus filtered air in healthy young volunteers. Diesel
exhaust attenuated vasodilation, but exposure to pure carbon
nanoparticles, or to filtered diesel exhaust, had no effect on
vasodilation. These effects of DPM were due to both soluble
and insoluble fractions on the surface of DPM. Compared to
filtered air, both diesel exhaust and filtered diesel exhaust were
associated with increased systolic blood pressure (SBP). These
results demonstrate the importance of chemical makeup versus
the size of particle, and also show that gaseous components of
DEE affect some biological endpoints.

Thus, while the effect of size and the effect of chemical
composition have been examined in terms of biological
response, both seem to have significant influence. Regarding
size, ultrafine particles, everything else being equal, are likely
more harmful than larger particles of similar composition,
because they can penetrate furthest into the lung, can penetrate
the cell wall, and have larger surface area per given mass. Yet the
chemical makeup of the particle, including any surface-adsorbed
materials, often is of greater importance, as shown in some of the
examples just discussed.

In summary, specific pathways by which DEE/DEP exposure
results in adverse cardiovascular health outcomes have been
examined. Toxicological studies strongly suggest that the many
adverse health outcomes are likely to occur via production of an
inflammatory response mediated by the induction of oxidative
stress and the release of proinflammatory cytokines after activa-
tion of transduction pathways including mitogen-activated pro-
tein kinase (MAPK) and NF-xB. There is also indication that
some of the adverse health outcomes may be due to change in the
bioavailability of NO within the vascular system. Furthermore,
studies in human subjects show that DEE exposure can result in
migration of leukocytes into bronchial tissue, another index of
inflammation (Salvi et al., 1999, 2000). In addition, there
appears to be a pathway of innate immunity that is affected by
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exposure to DEE, and effects on the immune system may also
play a role in mediating any inflammatory response to
DEE. Parts of the organic portion of DPM appear to be consis-
tently responsible for many of these adverse biological effects,
with the extent of response depending upon engine load and
other operating variables. The responses observed in the animal
toxicology and human controlled clinical studies are consistent
with CVD effects noted in epidemiological/observational stu-
dies, thus providing a degree of support for causality, based upon
the coherence and biological plausibility criteria of the U.S. EPA
rubric.

Outcomes other than all-cause, cardiovascular,
cardiopulmonary mortality and morbidity: natal
health, cognition, and lung cancer

Prenatal health. A “natural intervention” took place in New
Jersey and Pennsylvania in the late 1990s, when E-ZPass was
introduced in several heavily traveled freeways and parkways. E-
ZPass is an electronic device put in a vehicle that allows a driver
to drive through a special lane that automatically charges the
verhicle’s toll. When many drivers use this time-saving device,
congestion, vehicle acceleration, and pollution are greatly
reduced.

Currie et al. (2009) found that the incidence of prematurity
and low birth weight for children of mothers living within 2 km
of a toll plaza was reduced by 10.8% and 11.8%, respectively,
after introduction of E-ZPass, but that no such improvement
occurred for mothers living within 2 km of a freeway but further
than 2 km from toll plazas.

Table S9 reviews 19 studies that examine associations
between one or more vehicular emissions and various birth out-
comes. Most of the studies are from the United States, with the
majority from California, with German, Canadian, and
Australian studies also included. Most of the outcomes exam-
ined have to do with “traditional” adverse effects on both the
newborn (preterm birth, small for gestational age, low birth
weight, and in one case, spontaneous abortion) and the mother
(preeclampsia), but one recent article assesses links of vehicular
emissions with childhood cancers.

Studies in Table S9 show that when traffic exposures are
reasonably well measured, whether by traffic density or distance
to major roadway near residence or by modeling emissions to the
residence of the mother, significant associations with adverse
birth outcomes or with preeclampsia are usually found. In the
California studies, if an air pollution monitor is <1.5 km from the
residence of the mother, associations are often found with traffic
emissions such as CO, but if the monitor is farther from the
home, such associations are rare. Exposure misclassification is
discussed in several studies. Thus, exposure to an environmental
factor(s) near roadways, highly correlated with vehicular emis-
sions, seems likely to be causally related to these various
outcomes.

Several studies suggest the involvement of PAHs may result
in adverse birth outcomes. In a sample of 263 African-American
and Dominican women living in parts of Harlem and South
Bronx in New York City using personal monitors for pollutants,
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Perera et al. (2003) found high prenatal exposure to PAHs to be
significantly associated in African-Americans but not
Dominicans with 10% lower birth weight and 2% smaller head
circumference after adjusting for potential confounders. Smaller
head circumference at birth “correlates with lower 1Q as well as
poorer cognitive function” (Perera et al., 2003). Smokers were
excluded from the study. A similar study from the same group
found that increased PAH exposures were significantly asso-
ciated in African-American mothers with greater risks of infants
being born small for gestational age (SGA), for having a fetal
growth ratio< 85%, or for a fivefold increase in risk or preterm
delivery (Choi et al., 2008).

Perera et al. (2005) found direct evidence of DNA damage in
both mothers and offspring exposed to PAHs. Maternal PAH expo-
sure increased among four locations as follows: PAH exposure in
northern Manhattan < near the World Trade Center in the year after
9/11 < Krakow, Poland < Tong Liang, China. There was residential
coal use without controls in both Krakow and Tong Liang. DNA
adducts are fragments of DNA that are bound to a potential cancer
causing chemical, and are used as markers of exposure. Although
prenatal exposure of the fetus to PAHs is about one-tenth that of the
mother, similar levels of PAH-DNA adducts were found in mothers
and children, with the numbers of adducts in each following the
order of exposure in the four locations. The similarity of levels of
PAH-DNA adducts in mothers and children therefore suggests that
the fetus may be 10 times more susceptible to DNA damage from
exposure to PAHs than the mother.

Thus, several adverse birth associations found in the 19
studies in Table S9 with various markers of vehicular emissions
were associated with PAHs and PAH-DNA adducts, suggesting
the possibility that biologically active PAHs might be causally
related, or a marker for a highly correlated vehicular emission
that might be causally related, to adverse prenatal endpoints.

Lung cancer.  In2012,IARC declared that diesel emissions are
a known cause of lung cancer. Rather than review studies that led
to that decision, here we briefly review three important
U.S. studies for context.

Garshick et al. (2008) obtained work records for 31,135 male
workers who were in the trucking industry in 1985. Lung cancer
mortality records were obtained through 2000. Jobs in the truck-
ing industry were classified with regard to regularity of exposure
to diesel exhausts. The authors found that for more heavily
exposed workers (long-haul and pick-up/delivery drivers, dock-
workers, combination workers), risks of dying from lung cancer
rose with cumulative years of exposure, in most cases mono-
tonically. The authors suggested that these effects were not
necessarily due solely to diesel exposure, since different types
of workers were exposed to different mixes of vehicular
emissions.

Garshick et al. (2004) examined lung cancer prevalence
among 54,973 U.S. railroad workers from 1959 (when most
locomotives had converted to from coal to diesel fuel) to 1996.
Lung cancer mortality was elevated among workers in jobs on
locomotives powered by diesel. After adjusting for the healthy
worker effect, relative risk of lung cancer mortality among work-
ers involved in operating trains was 1.40 (CI = 1.30, 1.51). The
effects appeared to be greater in those with longer exposure to
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diesel locomotives and shorter exposure to ones powered by
steam.

Morello-Frosch and Jesdale (2006) estimated cancer risks
associated with ambient air toxics by census tract, after control-
ling for SES measures. The authors modeled estimated concen-
trations of 33 air toxics (including DPM) from the U.S. EPA
National Air Toxics Assessment, combining this information
with cancer potency information. Estimated cancer risk from
all sources combined was 632 per million, which after removal
of DPM declined to 116 per million (DPM thus representing
82% of cancer risk from air toxics). Mobile sources contributed
88.3% of total cancer risk when diesels were included.

Neurological effects: Cognition and behavior.  Table S10 sum-
marizes 12 studies associating traffic emissions with either
poorer cognition in elderly, or reduced scores on tests of intelli-
gence, anxiety, attention, nonverbal reasoning, and psychomotor
development in children. Four of the studies link cognitive
impairment in the elderly to either higher BC concentrations,
or higher levels of pollution in Mexico City versus in relatively
clean cities, or residence in close proximity to major roads. The
other eight studies are of young children, either those whose
mothers were exposed to higher levels of PAHs during preg-
nancy (the Perera et al. studies; Edwards et al., 2010) or those
who were exposed to higher levels of BC modeled to residences
in the Boston area (Suglia et al., 2008; Chiu et al., 2013). Various
deficits are associated with higher levels of the vehicular emis-
sions tested, whether in learning (IQ, nonverbal reasoning, cog-
nitive development), emotion (anxiety, depression, attention), or
behavior. The findings are provocative, but further research is
needed.

Possible biological mechanisms for neurological effects are
suggested by toxicology. Epidemiological and observational
studies have suggested a relationship between generalized air
pollution and adverse effects on the central nervous system
(CNS). PM may cross the blood brain barrier (Peters et al.,
2006), the tightly regulated capillary endothelium that separates
the peripheral blood circulation from the CNS, and this may be a
factor in air pollutant-related neuropathology. PM may also enter
the brain directly via the cribriform plate of the ethmoid bone
(Brenneman et al., 2000); direct translocation to the CNS may be
especially important for ultrafine PM (Genc et al., 2012).

Pollutant-related neuropathology may be due to the develop-
ment of neuroinflammation (Calderon-Garciduenas et al., 2002)
or direct translocation of material. On the other hand, PM may not
directly enter the CNS, but could produce effects by triggering the
release of inflammatory mediators from primary deposition sites,
such as the respiratory tract, resulting in altered susceptibility for
neuroinflammation in the CNS (Genc et al., 2012). The brain may
be especially vulnerable to oxidative stress due to its high meta-
bolic demands, low levels of free radical scavengers, and high
cellular content of lipids and proteins (Mattson, 2001). As noted
previously, induction of a respiratory-tract inflammatory response
may result in production of systemic effects.

Toxicological studies have shown that exposure to diverse
forms of air pollution, including urban PM and some metals
(Levesque et al., 2011), can result in similar proinflammatory
responses and oxidative stress in the brain. For example,
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exposure to ambient PM from urban air has been found to
enhance neuroinflammatory markers and proinflammatory med-
iators in the brain of mice (Kleinman et al., 2008; Campbell
et al., 2005; Veronesi et al., 2005; Campbell et al., 2009) and to
alter select neuronal and glial cell activities (Morgan et al.,
2011).

DEE has been shown to elevate proinflammatory factors in
select brain regions, as well as to produce generalized neuroin-
flammation (Cruts et al., 2008; Gerlofs-Nijland et al., 2010;
Mogi et al., 1994; van Berlo et al., 2010). While the mechanism
of any PM induced neuroinflammation is not certain, DPM has
been shown, for example, to activate microglia (Block et al.,
2004); microglial cells are resident immunocompetent cells that
provide tissue maintenance and immune surveillance in the
brain. Upon activation, they can produce proinflammatory and
neurotoxic mediators. A pathway for microglial-mediated neu-
rotoxicity is via ROS, especially superoxide, and activation of
NADPH oxidase, which produces ROS (Block et al., 2007).
Activation of microglia has been recognized to contribute to
the pathogenesis of Parkinson’s disease, and there is accumulat-
ing evidence that microglial-derived oxidative stress may be
involved in selective toxicity to dopamine secreting neurons
(Block et al., 2004).

One of the key components of the blood—brain barrier is P-
glycoprotein, a transporter molecule that limits penetration to the
brain of xenobiotics, including various drugs (Kim, 2002;
Taylor, 2002). Impairment of the blood—brain barrier in response
to toxic agents may be a factor in enhanced penetration of
chemicals into the CNS. DPM has been found to alter the
blood-brain barrier function via oxidative stress and proinflam-
matory cytokine production (Desai et al., 2007; Dazert et al.,
20006). Circulatory production of oxidative stress and inflamma-
tory mediators may contribute to CNS pathology, in addition to
direct effects of DEE on microglial cells or neurons.

One study examined effects related to chemistry of the expo-
sure atmosphere. Tin-Tin et al. (2012) exposed female BALB/c
mice to clean air, medium-dose nanoparticle-rich diesel exhaust
(NRDE), high-dose NRDE, or filtered diesel exhaust for 3
months. The NRDE particles mean size was 23 nm for the
medium dose (35.5 mg/m®) and 26 nm for the high dose (122
mg/m®). In a test of memory (Morris water maze), mice in the
high-dose group took a significantly longer time to reach a
hidden platform, versus the medium-dose and filtered exhaust
groups. High-dose mice also were found, in the hippocampus, to
have significantly higher levels of expression of an inflammatory
cytokine (CCL3), of mRNA expression of NMDA receptor sub-
unit NR2A, and of brain-derived neurotrophic factor (BDNF),
compared to the control group. Filtered diesel affected only
BDNF. Thus, 3 months of exposure to NRDE affected spatial
learning and memory function-related gene expression in the
female mouse hippocampus, with higher doses of NRDE more
harmful than lower doses or filtered exhaust.

In summary, some percentage of the incidence of neurode-
generative diseases in the population may be due to environ-
mental exposures, perhaps coupled with some inherent
susceptibility factors (MohanKumar et al., 2008), and there is
mounting toxicological evidence that air pollution and at least
certain types of PM can produce proinflammatory and
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inflammatory effects in the brain, contributing to the overall
oxidative stress burden. Neuroinflammation appears to be
involved in the pathogenesis and/or progression of neurodegen-
erative diseases, such as Parkinson’s and Alzheimer’s (Block
et al., 2007; Glass et al., 2010; Frank-Cannon et al., 2009).
Current thought is that proinflammatory events in the brain
likely occur across the entire life span, culminating in neuro-
pathology (Frank-Cannon et al., 2009; Carvey et al., 2006; Peters
et al. 2006). Furthermore, respiratory-tract inflammation may
also contribute to brain inflammation (Calderon-Garciduenas
et al., 2003), perhaps by increasing systemic levels of specific
cytokines, which then cross the blood—brain barrier and evoke an
inflammatory response in the brain (Rivest, 2001). Specific
characteristics and sources of PM responsible for the oxidative
stress burden are not fully identified, although DEE seems a
likely source. As noted, environmental agents may damage
CNS neurons by direct cytotoxicity, or indirectly via microglial
activation (Block et al., 2007). Dopaminergic neurons seem to be
particularly vulnerable to the effects of microglial activation.
Pulmonary inflammation can result in systemic effects, and
microglia can be activated in response to peripherally circulating
cytokines (MohanKumar et al., 2008). Direct physical entry of
PM into the CNS is therefore not a requisite for CNS neurotoxi-
city. Thus, toxicology provides support to the epidemiological
and observational study findings that DEE can adversely impact
the CNS by suggesting potential mechanisms for biological
plausibility, namely, inflammatory and oxidative stress
pathways.

Ambiguities: Confounding of BC associations with PM, s from
brake, tire, engine wear (including metals), and noise.
Researchers have suggested that environmental stressors other
than engine exhaust, but derived from traffic and, thus, corre-
lated with such emissions, may be related to adverse health
effects that have been associated with distance to roadways
and/or with BC/EC or other vehicular emissions. PM species
from tire, brake, and engine wear (primarily metals) and road
noise (possibly linked to health effects via hypertension) have
been primarily mentioned.

A study in Stockholm found that Cu and Zn were the primary
metal components of brake wear, whereas Zn was the primary
such component of tire wear (Hjortenkrans et al., 2007). Lough
et al. (2005) found that Fe (primarily from engine wear), Cu, and
Zn are primary metal components associated with PM from
roadways. Among the few studies that allow some insight into
multiple effects of wear particles is Riediker et al. (2004). This
study examined 10 different health endpoints (supraventricular
ectopic beats, two measures of HRV, a number of biomarkers) in
healthy young patrol officers after their work shifts on North
Carolina highways. The researchers found that neither road dusts
including Fe (including from engine wear) nor gasoline combus-
tion components were associated with any of the endpoints, but
that that components representing changing speeds of diesels
(such as alkanes and sulfate, from acceleration, and Cu from
braking) were associated with all 11 endpoints. The extent to
which Cu may have causal influence thus requires additional
investigation.
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A recent review regarding components of road emissions and
their health effects was performed by van der Gon et al. (2013).
The authors noted that “insufficient evidence is available” to
understand health risks of these components, and that “more
toxicological and epidemiological” analysis and a “standardized
approach” are needed, in particular, to “properly disentangle”
effects of PM from wear sources and other PM fractions.

Some epidemiological studies of near-roadway health effects
have attempted to take effects of noise into account. The study
that perhaps has most thoroughly assessed effects of traffic noise
in relation to effects of traffic emissions is Beelen et al. (2009).
This study found all-cause and CVD mortality associations for
pollution indicators (levels of BS, traffic intensity on nearest
roadway) that were “insensitive to adjustment for traffic noise.”
The study also found separate CVD associations for exposure to
the highest levels of traffic noise (>65 dB). Kan et al. (2008)
discussed possible effects of noise, noting that associations of
noise with cardiovascular risks are “far less consistent than those
between air pollution and cardiovascular disease” and that noise-
related cardiovascular effects (hypertension) would follow dif-
ferent physiological pathway than the CVD effects found in Kan
et al. (2008). Kan et al. (2008) found CHD associations in non-
hypertensive subjects. Hoffmann et al. (2006) noted that men
exposed to more than 70 dB during the day had a 1.3-fold
increase in risk for an MI, also noting that effects of noise
would work via hypertension. The authors’ CVD associations
were made after adjusting for hypertension, and they concluded
than any residual confounding by noise would have been small,
but they also concluded that additional work to parse out effects
of noise from effects of pollution is appropriate. Stern et al.
(1988) found that CVD mortality was significantly reduced in
workers in roadway tunnels, relative to those working on bridges,
when ventilation was introduced to the tunnels. Since there was
likely no decrease in noise accompanying this intervention, the
reduction in mortality can be attributed only to reduced vehicular
pollution, not reduced noise.

Syntheses of findings from studies in North America
and Western Europe

BC and co-emissions (mainly from diesels) were not the
subject of much apparent research prior to about 15 years ago.
In this section we seek to explain how it is that BC and co-
emissions have in the short time since then come to be viewed as
perhaps playing a major role in regard to all-cause and CVD
mortality, and CVD morbidity.

Part of the story has to do with BC or EC measurements:
Epidemiology cannot assess what isn’t measured. Once measure-
ment became available, and a few years of data had been accu-
mulated, epidemiology by the mid-2000s in the United States
could begin to assess BC associations in relation to other PM
species in the same models. BS measurements had been available
in Western Europe for several decades, but in early periods, the
source for which BS was primarily a marker was residential
burning of coal. Katsouyanni et al. (1997) analyzed mortality in
12 European cities, finding mortality associations with PM,
SO,, and BS. The authors suggested that mortality associations
with BS might be either because BS was in the fine fraction
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(smaller than PM) or because BS came from diesels, which in
Western Europe became the major source of BS, as residential
coal use declined. Thus, availability of BS monitoring information
in Europe may have allowed slightly earlier associations of carbo-
naceous vehicular emissions with mortality than in the United
States, where widespread BC monitoring had yet to take place.

Poor subject exposure assessment also was an issue. Initial
studies, now just over a decade old, found large mortality and
morbidity risks for those living close to major roads versus those
at more than 100 or 150 m distance, dramatically demonstrating
how important it was to know the amounts and identities of
pollutants to which subjects were actually exposed. Previously
unknown risks identified in these “highway proximity” studies
spurred interest in understanding effects from vehicular emissions.

Regarding exposure to different PM species, recent studies
have demonstrated that using measurements from a central
monitor, instead of a personal monitor or a monitor just inside
or outside of a home, can cause associations for pollutants with
substantial local spatial variability to switch from large and
significant, to small and nonsignificant. Thus, recent studies
often either model estimated BC concentrations or other vehi-
cular emissions to a subject’s home, use personal monitors, or
use monitors inside or just outside subject residences.

Virtually all the epidemiology studies reviewed herein (both
human panel and population based) showed associations with
BC (and thus for correlated vehicular co-emissions) for the great
majority of health endpoints assessed, even when subject expo-
sure to BC was poorly represented by concentrations measured
at a central monitor. These endpoints include: CVD and all-cause
mortality; CVD hospital admissions; biomarkers of oxidative
stress, inflammation, and vascular function; and increased
blood pressure, lipoperoxidation, HRV changes, greater ST-
segment depression, and reduced production of t-PA. It is sur-
prising that poor exposure assessment did not cause BC associa-
tions to become insignificant in more studies than it did. Many of
these studies commented that there was greater exposure mis-
classification for BC than for other pollutants (Chuang et al.,
2008) and that poor subject exposure to BC should have attenu-
ated BC associations or biased them toward the null, but did not
(Bind et al., 2012; Baja et al., 2010; Baccarelli et al., 2009;
O’Neill et al., 2007). Goldman et al. (2010) estimated error in
risk estimates due to spatial variability not accounted for when
central monitor data were used as a proxy for subject exposure.
The authors found that risk ratio reductions were less than 16%
for secondary pollutants (ozone, PM, 5 sulfate, nitrate, and
ammonium) but between 43% and 68% for primary pollutants
(NOy, NO,, SO,, CO, PM, 5, EC), further illustrating how expo-
sure error attenuates associations with pollutants, such as BC,
with significant spatial variability.

Associations of BC and other vehicular emissions with
adverse health effects are made more convincing when toxicol-
ogy studies suggest biological mechanisms underlying the
effects observed in epidemiology. These biological mechanisms
are then more convincing when they are also seen in humans,
whether in controlled exposure studies (mainly diesel and wood
smoke) or in panel studies.

That said, it is important to understand to what extent the
effects of BC are due to its EC core (usually uf or quasi-uf in
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size) per se; to gases co-emitted with BC; and/or to other parti-
cles, such as SVOCs and PAHs, which are diesel co-emissions,
many of which absorb onto EC cores and thus operationally
become BC.

Cassee et al. (2013, 803), in a review of toxicology studies,
noted that:

black carbon (measured as [EC]) may not be a major
directly toxic component of fine PM ... but it may
operate as a universal carrier of a wide variety of
combustion-derived chemical constituents of vary-
ing toxicity to sensitive targets in the human body.

Cassee et al. (2013) thus add to the results of many studies
reviewed herein, which found that organic compounds adsorbed
or coating graphite-like EC particles were often the causative
agent for adverse effects.

Several CVD effects appear to be caused by PM, as opposed
to gaseous co-emissions, based upon experiments in which
human subjects wore highly efficient facemasks while walking
a predetermined route, and then walked the same route without
the facemask, in Beijing, China. Langrish et al. (2009) found the
use of the facemask by healthy young volunteers significantly
reduced SBP, and increased HRV (e.g., toward normal levels).
The second study involved patients with coronary heart disease
(Langrish et al.,, 2012). In this study, maximal ST-segment
depression was reduced, mean arterial pressure was lower, and
again HRV measures increased. There were, however, no sig-
nificant changes in SBP or diastolic blood pressure (DBP).
These are among the first studies which use face masks to
determine whether ambient particles cause specific health
effects, and the studies took place in a highly polluted location.
Replication of these studies in polluted parts of the United States
or the European Union (EU) would thus be recommended
(recognizing the considerably lower level of PM in the United
States and EU). Several other studies found adverse effects using
only DPM (e.g., Kim et al., 2012: increased QT-interval, and
ventricular premature contractions in vivo).

However, several studies discussed in the toxicology section
(including Supplemental Material) found that both PM and gases
from diesels were associated with different health endpoints.

Kleinman (2013) used “quasi-ultrafine” PM (<180 nm) from
concentrated ambient air taken from downtown Los Angeles to
study CVD effects in apoE™ mice. The particles were denuded
of particle-associated semivolatile material at 120°C, with the
remainder of the PM consisting of elemental carbon and inor-
ganic materials, plus larger organic molecules that did not have
sufficient vapor pressure to be stripped from the particles.
Kleinman found that both undenuded “quasi-ultrafine” PM and
denuded SVOCs accelerated development of atherosclerotic
plaque in arteries, but these effects were not seen when mice
were exposed only to the denuded concentrated air particles
(CAPs) (which were primarily EC). Lipid peroxidation was
increased by undenuded particles and by denuded SVOCs, but
again, not by the denuded particles. These results suggest that the
organic compounds, whether adsorbed onto the EC core or not,
caused the adverse CVD effects. At ambient temperatures, BC
would thus appear to be quite potent, as they would not be
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denuded of much of the SVOCs. Kleinman (2013) thus shows a
biological mechanism, involving biologically active SVOCs but
not EC, for the findings of Jacobs et al. (2011), for example, that
increased plasma oxidized LDL (a marker of atherosclerosis) in
human subjects was associated with increased loading of carbon
in airway macrophages.

Similarly, Verma et al. (2011) examined oxidative potential, as
measured by the dithiothreitol (DTT) assay, in “quasi-ultrafine”
PM (<180 nm) from concentrated ambient air taken from down-
town Los Angeles, CA. Particles were thermally denuded at
temperatures of 50, 100, and 200°C. As particles were progres-
sively denuded of SVOC, low-molecular-weight PAHs, high-
molecular-weight PAHs, and OC with increasing temperatures,
the oxidative potential of the remaining core particle was dimin-
ished, with the oxidative potential being increasingly attributed to
the various SVOCs. Denuding EC per se changed oxidative
potential of EC very little. Again, biologically active SVOCs,
whether on the BC particle or not, caused oxidative stress.

A recent review concluded that chronic oxidative stress likely
causes shortened telomeres, which in turn likely shorten life by
accelerating biological aging (Grahame and Schlesinger, 2012).
Telomeres are strands at the end of chromosomes that prevent
loss of DNA when cells divide, for example, that act like protec-
tive caps and prevent deterioration of the chromosome. With
each cell division, they shorten. When they are too short, cells no
longer divide and become senescent, with gradual loss of func-
tion, for example, accelerated biological aging. Grahame and
Schlesinger (2012) linked studies finding that exposure to diesel
exhaust or to BC is associated with increased oxidative stress,
with studies linking oxidative stress with shortened telomeres
and accelerated CVD. They hypothesized that one mechanism
by which people who are exposed to higher levels of BC (Krall
et al., 2013; Lipfert et al., 2000b, 2009; Klemm et al., 2011;
Maynard et al., 2007; Gan et al., 2011) or who live near major
roads (Finkelstein et al., 2004; Gehring et al., 2006) might have
lower life expectancy and increased CVD risks (Hoffmann et al.,
2006; Hoffmann et al., 2007; Hoffmann et al., 2009) is via
accelerated shortening of telomeres. Effects of oxidative stress
may therefore have greater importance for human health than
previously thought, should the hypothesis that oxidative stress
caused by BC and co-emissions shortens telomeres be validated
by further research.

We conclude that much of the adverse effects caused by
biologically active carbonaceous species is caused at ambient
temperatures by BC, in large part because of carbonaceous
materials such as SVOCs and PAHs that are adsorbed onto
BC’s EC core. Lucking et al. (2011) found that a regenerating
particle trap greatly reduced particle numbers and mass, and (in a
study of healthy young human subjects) increased vasodilation,
reduced thrombus formation, and increased release of tPA when
the trap was used to filter diesel exhaust (vs. whole diesel
exhaust; concentrations of gaseous hydrocarbon did not change).
Small size also matters, because uf particles can penetrate the
cell wall, and because uf and quasi-uf PM penetrate further into
the lung than do larger PM. But not all such carbonaceous uf PM
species in DEE will be adsorbed onto EC, and DEE also included
carbonaceous gases; it is likely that some of these will also be
harmful. Thus, from a regulatory viewpoint, measures that can
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reduce the great majority of carbonaceous diesel emissions
(e.g., the oxidizing catalyst trap required for on-road diesels in
the United States since 2007) as well as filter metallic co-
emissions would be crucial for public health. McDonald et al.,
(2004) suggest that BC is virtually eliminated and most other
carbonaceous and metal species are largely reduced by the oxi-
dizing trap, and that toxicological effects in mice (e.g., oxidative
stress, inflammation, inability to resist a virus) appear to be
abolished when the trap is retrofitted. Follow-up research
would be useful to confirm that these effects remain after several
years of use of the new oxidizing traps, and that other adverse
effects are also abrogated by them.

Another relevant question is: To what extent might effects
observed in studies of PM, 5 be largely driven by BC and co-
emissions? Janssen et al., (2011) suggests that reducing a unit of
BC might prolong life by 4 to 9 times more than reducing a unit
of PM, 5 (e.g., 1 ;Lg/m3 of BC, vs. 1 }Lg/m3 of PM, 5). Finkelstein
etal. (2004a) found that those living near major roads were likely
to live 2.5 years less than those further away, everything else
equal. Several studies of truckers show elevated CVD and lung
cancer morbidity and mortality for those who work closely with
diesels, versus those in the same industry who do not do so
(Laden et al., 2007; Finkelstein et al., 2004b; Garshick et al.,
2008). Morello-Frosch and Jesdale (2006) suggest that 82% of
cancer caused by toxic air pollutants is caused by diesel emis-
sions. A recent expert elicitation found that carbonaceous com-
bustion particles, either “elemental and organic carbon,” “diesel
PM, 5 or “traffic PM, 5" were concluded to be the most harmful
types of ambient PM, 5 (Cooke et al., 2007). What other evi-
dence might there be for BC and biologically active co-emissions
being particularly harmful components of PM, s pollution?

Some epidemiological studies make suggestive findings.
Pope et al. (2002), in a follow-up to the original ACS study,
reported that there were no PM, 5 associations for people with
better than high school education, for all-cause, CVD, lung
cancer, and all-other-cause mortality. In the early 1980s, did
people of high socioeconomic status (SES) live in polluted
urban areas, or in less polluted suburbs? Jerrett et al. (2007)
reanalyzed data from the ACS study, examining how mortality
associations changed over five different time periods, for sulfate
and for PM, 5. The authors report that sulfate associations wea-
kened in the most recent time periods, but that PM associations
strengthened in the 1990s. Jerrett et al. (2007) suggest that the
reason for strengthening PM associations might be because
“toxic mobile sources are now the largest contributors to PM in
urban areas.” Lipfert et al. (2006b) found long-term mortality
associations with traffic indicators (traffic density, EC, and NO;)
but not with PM, 5. Hoffmann et al. (2007, 2009) found robust
CVD risks associated with close proximity to major roads, but
rarely with PM,, s.

Puett et al. (2011) reported no mortality associations with
PMj, 5 in a cohort of well-educated males of high socioeconomic
status; the authors reported that this finding contrasted with
results of a study of nurses in the same states for whom there
were PM, s—mortality associations. The cohort from Puett et al.
(2011) differed from that in the Six Cities study, where up to 53%
of the subjects were occupationally exposed to various dusts and
fumes. Better health was also discussed as a reason for a lack of
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mortality associations with PM, 5. However, Puett et al. (2011)
did not pursue whether the different socioeconomic status of the
nurses might be a marker for living in closer proximity to heavy
traffic. Reynolds et al. (2001) found that those with lower socio-
economic status were exposed to an order of magnitude greater
traffic near their homes than were other groups.

Mills et al. (2008) found that neither healthy individuals nor
males with coronary heart disease exposed to 190 pg/m® of
concentrated PM, 5 containing little carbon taken from the rela-
tively clean city of Edinburgh, Scotland, suffered effects similar
to those found in people exposed to fresh diesel emissions of not-
dissimilar concentrations. These effects included attenuation of
vasodilation (Barath et al., 2010), impaired release of “clot-
busting” tPA (Mills et al., 2005), and increased systolic blood
pressure (Cosselman et al., 2012). Mills et al. (2008) reiterate the
toxicity of BC and co-emissions relative to other PM, 5 species.
These studies are suggestive of the possibility that ambient air
containing either little fresh urban emissions, or those from a
relatively clean coastal city, may be less harmful than ambient air
in larger urban areas, containing BC and other diesel emissions.

Some human panel studies with good subject exposure con-
sistently show HRV changes associated with BC/EC (Schwartz
et al., 2005a; Adar et al., 2007; Suh and Zanobetti, 2010). Suh
and Zanobetti (2010) found no associations between five differ-
ent measures of HRV and personally monitored PM, s, but did
find associations with the five HRV measures with personally
monitored BC. Adar et al. (2007) found consistent HRV associa-
tions with both BC and PM, most likely because both pollutants
were highly correlated, as they rose significantly while subjects
were on a diesel bus, but were otherwise not elevated. Schwartz
etal. (2005a) tested four different measures of HRV and two time
periods (1 and 24 hours). The authors found that BC was asso-
ciated with HRV reductions in seven of the eight tests, but that
PM, 5 was associated in only three of the tests. The authors then
used an algorithm to mathematically remove BC from PM, 5 on
an hourly basis, calling the remainder “secondary PM,s.”
Secondary PM, s was not associated with HRV reduction in
any of the eight tests. The authors plotted PM, 5 versus an
HRV measure and found that PM, 5 was associated with HRV
reduction only when it was highly correlated with BC (from near
zero to about 18 Mg/m3 PM, 5). However, as PM, 5 increased
from about 20 to about 50 pg/m>, there was no further effect on
HRV. The authors concluded that it was the BC that drove the
PM, 5 associations, and that when PM was not correlated with
BC, it caused no HRV changes (Figure 3).

A similar finding was made by Creason et al. (2001). The
authors found a “U”-shaped function with increasing PM, 5 in a
study of retirement-home residents 15 km north of Baltimore,
MD. At first, HRV was reduced as PM, 5 increased, but as PM, s
reached about the midpoint of indoor PM, 5 concentrations, the
direction of change reversed upward, and at the highest PM, s
levels, HRV had recovered to its initial level, when PM, 5 was
virtually zero. The authors identified a 2-day period of high PM
levels that were responsible for the “U”-shaped function, and
using back-trajectory analysis, found these emissions did not
come from urbanized locations or from the industrialized
Midwest, but rather from a more rural trajectory. After removal
of'these 2 days of data, the relationship between increasing PM, s
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Figure 3. Smoothed plot of the percentage deviation from predicted SDNN (based
on the model with all other covariates) versus PM, 5 concentrations in Boston. The
association flattens out at high concentrations where the correlation between PM; 5
and black carbon disappears. From Schwartz et al. (2005). © BMJ Publishing
Group Ltd. Reproduced by permission of BMJ Publishing Group Ltd. Permission
to reuse must be obtained from the rightsholder.

and reduced HRV became nearly linear. Thus, Creason et al.
(2001) found that urban aerosols, even at low concentrations,
reduced HRV, but that nonurban, nonindustrial aerosols, even at
high concentrations, did not reduce HRV. Schwartz et al. (2005a)
came to the same conclusions, using a different study design.
Both studies concur with that of Suh and Zanobetti (2010) with
regard to the associations of BC with reduced HRV, while
Schwartz et al. (2005a), Creason et al. (2001), and Adar et al.
(2007) suggest that PM, 5 associations with HRV reduction are
due to its BC or urban component. Gold et al. (2005) found that
BC, but not PM, s, was associated with ST-segment depression.

To what extent might findings like these, which show effects
from BC, or from urban air, but not from secondary or rural PM,
be generalized to all-cause mortality and CVD mortality? The
limited review of effects from BC, versus those of PM, s, in the
previous several paragraphs contains suggestive evidence that
BC might be substantially responsible for effects that had pre-
viously been found for PM, s, in studies where data regarding
BC or traffic density or other vehicular emissions had not yet
been included. BC, roadway proximity, and traffic density are
increasingly specific indicators for physicochemical properties
of pollution that contain toxic species and harm human health.
However, none of these indicators, including BC, can yet be seen
as causally responsible for the majority of mortality and morbid-
ity effects attributed to PM, 5 exposure, without further substan-
tiation. The studies reviewed herein appear to justify regulation
of BC per se in a manner that also removes substantially all co-
emissions. Future research should attempt to further parse out
effects of biologically active carbonaceous material (and biolo-
gically active metals) to further elucidate the roles of different
PM,; 5 species in causing human mortality and CVD morbidity.

Health Effects of BC Using EPA Criteria
for Judging Potential Causality

This section places the health effects of BC and co-emissions
in the context of the assessment criteria that the U.S. EPA
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currently uses for PM, s mass. The first assessment criterion is
“Consistency of the observed association.” Virtually every
population-based epidemiology study reviewed herein that
assessed BC (in Europe, BS) found associations with BC,
despite studies being done in different countries in North
America and Western Europe, with different study designs,
with different mixes of pollutants, and with poorer exposure
information for pollutants (such as BC) having greater local
spatial variability. Several studies found BC associations, but
did not find total PM, s mass associations, and associations with
other PM, 5 species were not as consistent as were those for
BC. In the Delfino et al. (2010) human panel studies, SOC was
rarely associated with endpoints studied, although POC and BC/
EC almost always were so associated, suggesting that atmo-
spheric processes might reduce the toxicity of organic gases, to
the extent that such gases might be toxic in the first place.
Results of most studies that assessed health effects in people
living in close proximity to major roadways found significant
adverse CVD findings similar to those associated with BC in
many human panel studies, and similar to the findings in Stern
et al. (1988) when airborne vehicular pollution was reduced.

The second U.S. EPA criterion is “Coherence,” while the third
is “Biological plausibility.” The CVD mortality and hospital
admission findings are coherent with toxicology, controlled
human exposure, and human panel studies as they relate to
various endpoints that underlie cardiovascular disease
(e.g., oxidative stress, inflammation, platelet aggregation, vaso-
constriction, vascular function, endothelial dysfunction, lipoper-
oxidation, increases in atherosclerotic lesions). These studies
suggest biological mechanisms whereby the CVD mortality
and morbidity associations in population based epidemiology
may be explained. Biological plausibility is thus established for
many different CVD endpoints. Some endpoints found in con-
trolled human exposure and human panel studies (e.g., ST
segment changes) are also consistent with CVD mortality and
morbidity findings. Peters et al. (2004) found a significant
association between people having a first MI and being in traffic
(car, bicycle, mass transit) an hour before the MI. Similarly,
Albert et al. (2007) found large associations for having an
implantable cardoverter—defibrillator (ICD) shock, specific to
ventricular tachycardia or ventricular fibrillation, with driving
an hour previously. Both these findings add coherence to other
studies finding adverse CVD morbidity or mortality effects
associated with vehicular emissions. A further review of coher-
ence among toxicology, human panel studies, and population-
based epidemiology for CVD biological mechanisms is found in
Grahame and Schlesinger (2010).

Few studies reviewed herein attempted to examine a gradient
of response, for example, a “dose-response function”, the fourth
criterion. However, Kim et al. (2012) found that DPM caused
increasing oxidative stress in a dose-dependent manner in neo-
natal rat cardiomyocytes, and Li et al. (2002) found a decreasing
ability of macrophages and human lung epithelial cells to deal
with oxidative stress with increasing exposure to DPM.

With regard to the fifth criterion, “Experimental evidence,”
the E-ZPass study (Currie et al., 2009) is an intervention that
resulted in fewer idling and accelerating vehicles at toll plazas,
and a nearly immediate reduction in incidence of prematurity
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and low birth weight among mothers who lived within 2 km of
the now less polluted toll plazas, versus those living near the
highways but further than 2 km from the toll plazas. A similar
intervention, from an earlier time frame, was reviewed in Stern
et al. (1988), which showed that after ventilation was added to
tunnels in New York City circa 1970, a constant annual reduction
in mortality from atherosclerotic disease was observed in tunnel
officers, relative to bridge officers (who, being outdoors, had
always had natural ventilation). Highway proximity studies
themselves can be seen as a kind of intervention study, in that
they examine the extent to which effects are elevated where
highway pollutants are high, versus where they are not.

The evidence appears quite strong that BC (and associated
carbonaceous co-emissions) is causally related to risks of all-
cause and CVD mortality and of CVD morbidity, using the five
U.S. EPA criteria. Although the literature regarding BC/EC/
PAHs/diesel emissions as they affect birth outcomes, cognitive
development, and other CNS effects is not nearly as extensive as
that for many different CVD effects, the limited literature that is
available suggests important adverse effects for which further
study is crucial. It does appear, however, that diesel emissions are
causally linked to the development of lung cancer (IARC, 2012).

The findings reviewed in this synthesis section contain our
conclusions with regard to research results in the United States
and Western Europe. Our review suggests that regulators world-
wide might wish to consider establishing an ambient air quality
standard for BC, as suggested by the WHO (EU branch). In the
next section, we consider studies of mortality and morbidity
related to ambient air pollution, as well as concentrations of
emissions of BC, OC, and PAHs, in other parts of the world.

Characterization of Amounts, Selected
Sources, and Health Effects of
Carbonaceous Emissions in Developing
Countries

Overview of BC, OC, and PAH emissions

As shown in Table 1, estimated emissions of BC and OC in
Asia and Africa, and in selected countries such as India and
China, are far higher than in the United States and Western
Europe. The higher emissions are mainly from industry and
residences, and less so from transport, with only small differ-
ences in emissions from the electricity generation sector, which
in any case are quite low (8111 Gg/yr of worldwide BC emis-
sions, of which 73 Gg/yr is estimated from electricity genera-
tion). Total BC emissions are in close agreement with the 7950
Gg/yr in Bond et al. (2004), but BC from power is 10 times
higher than the 7 Gg/yr in Bond et al. Despite the 10-fold
difference in estimates of BC emissions from power generation,
the near-complete combustion of carbonaceous material in
power boilers seems to result in relatively little emissions of
BC and OC.

One advantage of these emission estimates is that they were
developed, worldwide, from inventories of fuels and assump-
tions about fuel quality and emissions control in different local-
ities, enabling comparison among large geographic areas on a
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consistent basis. One possible unexpected finding from this table
is the lack of major differences among East Asia, South Asia, the
United States, and OECD Europe in BC emissions from trans-
portation, considering the levels of pollution controls in the
United States and Western Europe on vehicles of all types.

Despite the value of having a consistent basis for estimation
across geographic areas, it is also crucial to have up-to-date
knowledge about local conditions such as pollution controls in
specific countries; actual emissions might on this basis differ
considerably from estimates. Tables S11 (China) and S12 (India)
from Lei et al. (2011) and Kurokawa et al. (2013), respectively,
contain estimates using such knowledge, for 2000, 2005, and
2008, for PM, 5, BC, and OC, including several industrial
sectors.

There are important differences between BC emissions
among the tables. For example, Table 1 estimates BC emissions
from transport in 2010 in China as 104 Gg/yr, while Table S11
suggests BC emissions from transport in 2005 as 190 Gg/yr.
Table 1 estimates Chinese industrial BC emissions at 951 Gg/yr,
higher than the 620 Gg/yr in Table S11 (from all the industrial
activities combined). Residential BC emissions estimates aren’t
too far apart (627 Gg/yr in Table 1; 700 Gg/yr in Table S11, total
of residential coal and residential biomass).

Similarly, there are important differences in estimates of BC
emissions in India, comparing Table 1 (2010) and Table S12
(2008). In Table 1, transportation emissions of BC in India are 84
Gg/yr, while in Table S12, the estimate is 243 Gg/yr, almost 3
times higher. However, estimated BC emissions in Table S12 are
lower for all industrial activities (88 Gg/yr) than in Table 1 (128
Gg/yr). Thus, while there isn’t yet clarity in pinpointing amounts
of BC emissions from different sources in China and India, there
is no question that the emissions, in toto, are quite high (1760 or
1510 Gg/yr in China, 528 or 713 Gg/yr in India, from Tables 1,
S11, and S12).

Major sources of BC and OC emissions in Asia, Africa, and
Latin America were once major sources of such emissions in the
United States and Western Europe. Primary among these are
biomass (mainly for cooking) and coal (mainly for heating and
industrial purposes), combusted in most of these cases without
pollution control equipment and at ground level. Table S11
shows that residential biofuel BC emissions in China in 2005
were 590 Gg/yr, considerably more than the 321 Gg/yr of BC
emitted by all sources in the United States in 2010 (Table 1).
Chinese residential coal BC emissions in Table S11 are esti-
mated to be 110 Gg/yr, more than three times higher than total
residential BC emissions in the United States of 40 Gg/yr
(Table 1). Yet the United States has less than one-fourth of the
population of China, burns very little coal in residences, and has
emission controls for woodstoves, which are a relatively small
percentage of residential heating. Thus, given how much coal is
burned for heating north of the Huai River in China (see follow-
ing discussion), it is quite possible that the residential coal BC
emissions estimate of 110 Gg/yr may be low. As shown in the
following, uncontrolled coal and biomass burning can cause
extremely high PM levels both within residences and in ambient
air, with the potential for related mortality and morbidity.
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Characteristics of emissions in China and elsewhere

Zhang et al. (2012) report on chemical characteristics from
burning of coal and wood in rural Chinese households.
Carbonaceous PM dominate PM, s mass in each (41% for
wood, 55% for coal). The OC/EC ratio was 10.8 for wood, 7.6
for coal, although it must be noted that these ratios can exhibit
considerably variability. Peak values for particle size were under
100 nm, with PM from wood in smaller sizes (bimodal 10-20 nm
and 40-50 nm for wood, unimodal 70-76 nm for coal). PAHs
were not reported.

Pachauri et al. (2013) report winter period EC and OC con-
centrations for 16 Chinese locations. Rural areas could have high
levels of each (EC = 37 ug/m’, OC = 72.6 pg/m’, Miyun,
China); the southern city of Guangzhou had lower, but still
elevated concentrations (EC = 14.5 pg/m>, OC = 41.pg/m’).

Wu et al. (2005) monitored winter and autumn concentrations
of 16 particulate PAHs in several locations in the northern
Chinese city of Tianjin, a city with extensive use of coal for
heating. In the location with highest winter PAH levels, total
PAH concentration was 2165.2 ng/m® in winter but only 11.72
ng/m’ in autumn; in the location with lowest winter period
values, differential concentrations were 69.3 ng/m’ (winter)
and 33.6 ng/m3 (autumn). Wang et al. (2011) report annual
average PAH levels in three northern Chinese sites.
“Background site” PAH concentrations were 39.4 ng/m’; “rural
village” concentrations were 355 ng/m3 ; and “urban” PAHs were
1010 ng/m>. Gao et al. (2013) used tracer-based source appor-
tionment to estimate the proportion of PAHs from different
sources in the southern coastal Chinese city of Guangzhou.
Traffic, biomass, and coal were found to contribute 11%, 31%,
and 58% of PAHSs, respectively. For comparison, annual average
PAH levels in the urban Roxbury section of Boston, MA, were
18 ng/m® (Levy et al., 2003).

Fine et al. (2001) characterize chemical emissions from fire-
place burning of six hardwoods and softwoods from the north-
eastern United States. OC constituted more than 80% of PMj 5
emissions from each wood type. EC was generally between 3%
and 7% of mass, but was considerably higher when woods high
in hardened sap (eastern white pine), or with bark that produced
high amounts of black smoke (paper birch) were used. OC/EC
ratios were 3:1 or less for these last two woods, but roughly 15:1
to 20:1 for the other four. Many PAHs were consistently found,
but were not major constituents of wood smoke mass.

Bari et al. (2009) analyze particle composition and amounts
in a part of Germany that uses wood for heating. In January, the
authors found that wood smoke approached 60% of ambient
PM,y. By March, that percentage had declined to 20%. In a
S-month winter period, biomass burning contributed 93% of
combustion-related PAHs in PM,,, and the concentration of
PAHs with carcinogenic properties was 49% total PAHs, indicat-
ing that wood smoke contributed significant amounts of PAHs,
but that these PAHs on average had about half the carcinogeni-
city of other ambient PAHs.

A study from the highlands of Tanzania examined PM, 5 and
PAH concentrations in households burning different fuels for
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cooking (Titcombe and Simcik, 2011). The fuels used were
liquefied petroleum gas (LPG), a kerosene/charcoal mix, char-
coal, and wood (open burning). PM, 5 concentrations associated
with these fuels were 14, 88, 588, and 1574 pg/m’, respectively.
PAH concentrations associated with these fuels were <1, 57, 334,
and 5040 ng/m’, respectively (Titcombe and Simcik, 2011).
Considering that large U.S. cities have annual average BC con-
centrations (central monitor) from 0.3 to 3.0 wg/m’ (U.S. EPA,
2012), PAH concentrations above 5 pg/m’ are exceptionally
high. The authors also examined benzo[a]pyrene (BaP) equiva-
lent exposures, which reflect potential carcinogenicity, finding
equivalent exposures of 0, 8, 44, and 767 ng/m’, respectively, for
the four fuels.

Saraswat et al. (2013) used spatiotemporal land use regression
models to establish a “map” of PM, 5, BC, and ultrafine PM in New
Delhi, India. The authors found marked predicted peak levels of all
three emissions in the morning. Morning versus afternoon concen-
tration peaks were approximately 315 versus 100 pvg/m3 , 35 versus
8 pg/m’, and 90 versus 70 ultrafine particles/1000 cm®, respec-
tively, as predicted on a 30-km transect. The PM, 5 to BC ratio was
thus about 10 in the morning and about 12 in the afternoon.
Monthly predicted BC and PM concentrations were higher in
February (approximately 70 and 300 pg/m’, respectively), than in
March, April, and May. Saraswat et al. (2013) thus established that
BC levels in New Delhi can be considerably elevated, relative to the
United States and Western Europe.

Generally, as noted here and in particular in the wood-smoke
toxicology section that follows, the characteristics of wood
smoke and biomass emissions depend on the chemical makeup
of the biomass or wood being burned, moisture content of the
fuel, heat of combustion, and completeness of combustion.
Thus, characteristics of emissions can vary widely. What emis-
sions of wood smoke and biomass have in common is that much
of the emissions is carbonaceous, either solid or gas, contains
multiple PAHs, and has carcinogenic potential. The mix of BC,
OC, and PAHs will differ from emissions from other inefficiently
combusted solid fuels, but all will be present.

Overview of health effects

Health effects from the high pollution levels in places like
Asia are substantial, as shown in the following, but as with data
on pollution concentrations, considerably more work will be
needed to refine risk estimates.

Yang et al. (2013) reports that Chinese life expectancy rose
considerably from 1990 through 2010, from 69.3 years to 75.7
years, despite the increases in air pollution in that time frame which
reflected the unprecedented pace of China’s economic growth and
industrialization. Comparable figures for the United States for these
same years were 75.2 and 78.2 years. At the same time, Yang et al.
(2013) report that ambient PM was the fourth largest cause of
disability-adjusted life years (DALYs), and household pollution
from all solid fuels was the fifth largest cause (approximately
15% of DALY's combined). Most of these DALY's were via cardi-
ovascular diseases in each case. Both ambient PM and household
pollution from solid fuels were each seen as causing DALYs
roughly comparable to DALY’ from smoking. Because the second
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largest cause of DALYs was high blood pressure, and because
particulate pollution is associated with higher blood pressure in
polluted Chinese cities (Langrish et al., 2009), it is quite possible
that ambient PM might actually cause a higher percentage of
DALYs via the mechanism of high blood pressure.

A different method of looking at air pollution’s impact on
mortality is found in Chen et al. (2013a), which examined con-
sequences of China’s “Huai River policy.” Starting around 1950,
the Chinese government gave free coal for heating homes and
offices north of the Huai river, which bisects China between the
Yangtze and Yellow Rivers. The coal-burning infrastructure is
still in place, and still used.

Thus, another “natural” intervention: If burning substantial
amounts of coal without any pollution control is particularly harm-
ful, could increased harm be observed where coal was the prevalent
source of heating versus areas where it was not? The authors used a
regression discontinuity design that is common in disciplines other
than air pollution (two-stage least squares), in which mortality and
pollution were measured and then associated both north and south
of the Huai River. In this study, TSP was the pollutant used,
presumably because it was the most widely monitored form of PM.

Chen et al. (2013a) reported the following findings:

o Life expectancies are about 5.5 years lower north of the Huai
River than south of it.

e Total suspended particulate (TS)P levels are about 184 pg/m’
(55%) higher north of the river.

e Long-term exposure to an additional 100 pg/m® of TSP is
associated with a reduction of life expectancy of ~3 yr.

Chen et al. (2013a) also used the conventional ordinary least-
squares design, finding no significant differences in life expec-
tancies north versus south of the Huai River. In comparison,
using the regression discontinuity design, the authors reported
that the estimate of 3 years loss of life associated with exposure
to an added 100 pg/m® of TSP annually is more than 5 times
higher than was derived from ordinary least squares.

These findings are both striking and new, and as such will
require replication. Two issues immediately come to mind: (A)
What specific constituents of the coal burning might be most
harmful, and (B) since heating degree days are over twice as high
north of the Huai River than south of it (Chen et al., 2013a), how
much difference in mortality might have been observed if bio-
mass instead of coal had been used for heating north of the river?

Mestl et al. (2007a) used Monte Carlo simulations, based
upon published indoor air pollution (IAP) studies and population
time activity information, to create generic estimates of PM;,
exposure in urban and rural areas, in the north and the south of
China, combining estimates of indoor exposure from solid fuels,
and outdoor exposure. For rural populations, either in the north
or south, IAP represented 80-90% of PM, exposures. In urban
areas, the comparable figures were 50-60%. Average estimated
exposures in southern and northern cities were 340 and 440 g/
m’, respectively. Average rural population exposure was esti-
mated to be 750 wg/m? in the south and 680 pg/m® in the north.
Heaviest PM |, exposure was estimated to occur in areas relying
on biomass. It is difficult to compare PM concentrations in this
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study versus those in Chen et al. (2013a) because the latter study
used measured TSP, while Mestl et al. (2007a) used estimated
PM, . Further, the time periods are not fully comparable.

Mestl et al. (2007b) uses PM;, estimates in Mestl et al.
(2007a), further refined by fuel type. PM;, concentrations are
broken down, in each of four generic areas (rural vs. urban, north
vs. south), into separate contributions of outdoor air and indoor
air, depending on indoor fuel used. In the rural south, residences
using biomass are exposed to an average of ~1000 pg/m’ from all
sources, ~90% of which is due to indoor exposure. Residences
using biomass for cooking in urban areas, or in the rural north, are
estimated to be exposed to only marginally less average emissions
than in the rural south. In contrast, those using coal in the south
are exposed to less than 600 pg/m® in average exposure from all
sources. Outdoor pollution in the south is less than 100 pg/m?,
versus about 250 wg/m® in the north, presumably reflecting wide-
spread use of coal for heating, in many cases with ventilation, in
the urban north. The authors report that solid fuels are used for
cooking in 80-90% of rural households, and in 40-50% of urban
households. The three most common fuels for cooking are bio-
fuels (45%), coal (27%), and gas (27%). One result that stands out
in these estimates is how much higher IAP is when biomass is
used, than when coal is used. This may reflect preferential use of
lower emitting coal briquettes in urban areas, especially in the
north (personal communication, Dr. Kristen Aunan), in combina-
tion with greater use of chimneys in urban areas.

Mestl et al. (2007b) use their estimates of pollution exposure
to develop estimates of mortality from indoor use of solid fuels
(assuming that PM from biomass and PM from coal are equally
harmful). They estimate that 3.5 million people die prematurely
due to IAP in China, which in their estimation accounts for 47%
of all deaths in China. This estimate is considerably higher than a
2005 WHO estimate quoted in their study of about 420,000
premature deaths from IAP. The difference in estimates likely
reflects that such analyses are still in early stages in places like
China. Mestl et al. (2007b) appear to base their analysis of
premature deaths on the difference between actual IAP and
assuming that every household in China met an air quality
standard of 150 pg/m’. Mestl et al. (2007b) suggest that the
WHO estimate is low for specific technical reasons. Wherever
the correct estimate lies, the effects are very substantial.
Questions the authors raise include one highly pertinent to this
review, namely, are uncontrolled emissions from biomass and
from coal fairly equivalent in mortality effects?

At least two studies associate lung cancer mortality with
residential coal burning of coal. Hosgood et al. (2011) is a
meta-analysis of 25 case-control studies, virtually all from
China. Heightened risk of lung cancer mortality was associated
with household coal use (OR = 2.15, CI = 1.61-2.89), but risks
were considerably higher in southern China than elsewhere
(mainly northern or middle China, or Taiwan). The authors
found that lung cancer risks in Xuanwei could differ by as
much as 25-fold, depending on the mine from which the coal
came. Risks were similar when studies that did not account for
smoking were excluded. Changing from unvented indoor com-
bustion to one with a chimney, or living in a home with large
openings for ventilation, both decreased risk of lung cancer
death.
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Barone-Adesi et al. (2012) examined risks of lung cancer,
associated with different types of coal, in a retrospective cohort
study of lifetime coal users. The authors found that there were
very small risks of using “smokeless” anthracite coal in Xuanwei
(9,962 users), but very large risks of using “smoky” bituminous
coals (27,310 users). Absolute risks of lung cancer death before
age 70 years, for using smoky coal, were 18% and 20% for men
and women, versus less than 0.5% for users of anthracite. Lung
cancer accounted for ~40% of all deaths before age 60 years for
those using smoky coal. Smoking history was taken into account.
Despite the much higher smoking rate of men than of women,
absolute risks of death from lung cancer among those using
“smoky” coal were virtually equivalent for men and women.
The findings of Barone-Adesi et al. (2012) suggest that the
25-fold difference in lung cancer risks found in the previous
study (depending on the mine), also in Xuanwei, might be due
to use of anthracite versus bituminous coals. Large et al. (2009)
find that smoky coals from Xuanwei have high quartz content,
and suggest that the lethality of such coals might be due to
interactions between PM silica particles and organics.

Mortality effects from wood burning are estimated in another
“natural experiment,” from Tasmania, south of the Australian
continent (Johnston et al., 2013). Launceston is a city of 67,000
people, located in a valley and subject to inversions. A multi-
million-dollar program to replace wood heaters, and to simulta-
neously enforce environmental regulations in homes with high
emissions, began in 2001. By 2004, the prevalence of wood
stoves had declined from 66% to 30% of households, replaced
by electricity (mostly from hydro); improved operation of wood
heaters occurred in remaining homes. Wintertime outdoor PM;
declined from 44 pg/m® during 1944-2000 to 27 wg/m’ during
2001-2007. Significant declines occurred for all-cause (11.4%)
and CVD (17.9%) mortality among men (Johnston et al., 2013).
In order to discern whether reductions might have been a product
of widespread temporal improvements in health, results were
compared to mortality trends for the same periods in the control
city of Hobart, Tasmania, which did not experience a reduction
in wood stove emissions. No significant improvements in mor-
tality were observed in Hobart during the time frames analyzed
for Launceston, suggesting that the improvements in Launceston
were due not to secular mortality trends, but to the reductions in
wood-smoke emissions there.

Riojas-Rodriguez et al. (2011) examined PAH content of
biomass burning in Mexico, via urinary biomarkers before and
after replacement of conventional open burning with lower emis-
sion Patsari stoves. The authors found significant reductions,
post replacement, of between 34% and 42% for hydroxylated
metabolites of several PAHs.

Bassani et al. (2010) report that solid-fuel use in India (mostly
biomass or dung) is associated with increased mortality in chil-
dren aged 14 years, accounting for 20% of childhood deaths in
this age group. Coal use was highly associated with lung cancer
among all users and never-smokers, while wood use was asso-
ciated with hypopharyngeal cancer among all individuals, but
not among never-smokers, in a study of indoor solid fuel use in
India (Sapkota et al., 2008). A study of Indian women who used
biomass for cooking examined various endpoints associated
with CVD, with controls being women who cooked with LPG
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(Dutta et al., 2010). Biomass users, who were exposed to three
times the concentrations of PM in kitchens, had higher preva-
lence of hypertension, elevated oxidized low-density lipoprotein,
increased platelet P-selectin expression, upregulation of ROS
generation in leukocytes, and depletion of erythrocyte super-
oxide dismutase (SOD, which fights oxidative stress). All of
these biological changes are factors in development of cardio-
vascular diseases. Delfino et al. (2008, 2009) found elevated
platelet P-selectin expression and depletion of erythrocyte super-
oxide dismutase (SOD) in a panel study of elderly residents of
retirement centers in Los Angeles, in association with higher
concentrations of BC, EC, and primary organic carbon (POC),
suggesting commonality of effects from different sources of
similar emissions. Increased ROS has been found in association
with exposure to diesel emissions in workplaces (e.g., Sauvain
et al., 2009, bus maintenance workers; Lee et al., 2011, diesel
exhaust inspectors). The findings of similar effects in association
with higher levels of biomass emissions raise the possibility that
BC/EC and POC may cause these CVD effects, as common
emissions from different sources.

Barone-Adesi et al. (2012) showed lung cancer mortality in
China to be strongly associated with “smoky” bituminous coal,
but not with “smokeless” anthracite coal. One of the studies
assessed in the meta-analysis of Hosgood et al. (2012) and
finding highly elevated lung cancer mortality risks is a study
(in Chinese) finding elevated lung cancer risks for those using
smoky coal versus using anthracite. An explanation for such
differences is found in Liu et al. (2009), who evaluate the PAH
content (sum of PAHs) and benzo[a]pyrene equivalent carcino-
genicity (BaPE) of bituminous and anthracite coals and bri-
quettes, from Beijing and Shanxi, in North China. Bituminous
coals (including briquettes) had considerably higher PAH con-
tent than anthracite coals (and briquettes); the sum of 15 PAHs
from anthracite ranged from 52.8 to 155.8 mg/kg (emission
factors), whereas for bituminous coals, the emission factors
ranged from 325.3 to 1095.6 mg/kg. The greatest difference
between bituminous and anthracite coals, however, was in carci-
nogenicity potential, as measured by BaPE: Bituminous coals
measured between 30.5 and 134.5 (depending on specific coal
and on high vs. low heat), while the anthracite coals were never
higher than 1.1. Since PAHs (and BaP specifically) are known
risk factors for lung cancer, this information appears to largely
explain the far higher lung cancer mortality found for those using
“smoky” bituminous coals (Barone-Adesi et al., 2012).

Shen et al. (2010) found that the PAH emission factor (16
PAHs) of the anthracite coal (briquette) was 6.25 mg/kg, and
those of bituminous coals up to 253 mg/kg. Bituminous coal
briquettes (14.3 mg/kg) had lower PAH emission factors than the
“chunk” bituminous coals (140 and 253 mg/kg).

Chen et al. (2005) analyzed emission factors for five types of
coal briquettes used in China: one subbituminous, three bitumi-
nous, and one anthracite. BC emission factors for anthracite were
tens to hundreds of times smaller than for the other four coals
(0.004 g/kg for anthracite, between 0.064 to 0.675 g/kg for the
other coals); OC emission factors were several hundred to thou-
sands of times less (0.017 g/kg for anthracite, between 3.580 and
13.818 g/kg for the others). As in Liu et al. (2009), emission
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factors for carcinogenic BaPE were smaller for the anthracite
briquettes than the other briquettes. Thus, the anthracite coals
emit not just less PAH emissions, but also less BC and OC. An
important question for future study would be: Are anthracite
coals also associated with considerably smaller CVD mortality
risks, given their smaller emissions of PAHs, BC, and OC?

Biomass intervention studies

Biomass intervention studies almost uniformly show benefits
of reduced emissions when cleaner-burning stoves are intro-
duced, and/or when ventilation is improved. In a study of
women in highland Guatemala, McCracken et al. (2011) found
that when chimney stoves were used instead of open fires, PM, 5
exposures declined from 266 pg/m’ to 102 pg/m>, and odds of
ST-segment depression were concurrently reduced. McCracken
et al. (2007) also found that such an intervention, with similar
reductions of PM, was associated with reductions in blood
pressure (DBP reduction of 3.0 mm Hg, CI = -5.7, -0.4; SBP
reduction of 3.7 mm Hg, CI = -8.1, 0.6). Another study of
effects of poorly combusted biomass among women in rural
China (Baumgartner et al., 2011) assessed pollution exposure
using personal monitors. The study found that among women
older than 50 years (but not among younger women), both SBP
and DBP were increased in association with increases in PM; s,
in homes using biomass (increase of 4.1 mm Hg in SBP, 1.8 mm
Hg in DBP, per 1-log- pg/m’ increase in PM exposure).

Birth outcomes are affected by levels of biomass emissions in
several parts of the world. In Guatemala, Thompson et al. (2011)
found that pregnant women who used a chimney stove, versus
open fires, gave birth to children weighing 89 g more (CI =-27
to 204 g). There were 174 total births (69 to mothers with
chimney stoves). A larger study from rural Guatemala, with
1717 total births, found significantly lower birth weight (63 g
lower) after adjustments for children born to women using open
fires instead of chimney stoves or cleaner fuels (Boy et al., 2002).
A considerably larger intervention involved the extensive
California wildfires of the fall of 2003, which exposed most
people in the Los Angeles basin to substantial amounts of
smoke from burning vegetation for 19 days. Holstius et al.
(2012) compared birth outcomes in pregnant women not
exposed to the smoke to outcomes in those exposed during
each trimester. The authors found that relative to pregnancies
before and after the wildfires, mean birth weight was estimated
to be 7.0 g lower (CI = —11.8, 2.2, 38,739 births) when the
wildfire occurred during the third trimester; 9.7 g lower weight
(CI = —-14.5, 4.8, 39,435 births) when it occurred during the
second trimester; and 3.3 g (CI =-7.2, 0.6, 60,270 births) lower
for first-trimester exposure. Cookstove intervention studies are
different from that of Holstius et al. (2012) in several ways: users
of biomass for cooking in places like Central America receive
wood-smoke exposures daily (not for just 19 days); exposure
levels may be more certain (during the 19-day wildfire in
California, PM levels were characterized as “heavy” or
“light”); and perhaps diet and health of the mother might be
better in California. Although the reduction in birth weight due
to exposure was considerably smaller in California, it is
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nevertheless striking that the same low-birth-weight outcomes,
after exposure to biomass smoke, were observed after the 19-day
wildfire in mountains east of the Los Angeles basin as well as in
places where daily biomass exposure can be very high.

Toxicology of Wood Smoke

The last seven entries in Table S8 list health effects (oxidative
stress, vascular and cardiac effects, inflammation, lipoperoxida-
tion, etc.) found in controlled human exposures to wood smoke.
An overview of the toxicology of wood and biomass combustion
is presented here.

One of the more commonly examined endpoints used in
studies of wood smoke toxicology involves pulmonary immune
defense against infectious agents. In various animal species,
short-term exposure to wood smoke has produced reduction in
both pulmonary macrophage-mediated bacterial phagocytosis
and intracellular killing of certain pathogens with no evidence
of pulmonary inflammation, indicating that wood-smoke expo-
sure may result in subclinical effects in the absence of any
apparent acute lung injury (Fick et al., 1984); suppressed pul-
monary clearance of certain bacteria, again with no other evi-
dence of pulmonary pathology (Zelikoff et al., 2000; Migliaccio
etal., 2013); and exacerbation of some indices of allergic airway
inflammatory response (Barrett et al., 2006). Effects on ROS
production and the oxidative/reductive state, which can affect
resistance to microbial infection, also appear to be a common
result of wood-smoke exposure. This includes suppressed pro-
duction of superoxide (Thomas and Zelikoff, 1999); reduction in
glutathione peroxidase activity; increased catalase activity;
enhanced HO-1 activity (Ramos et al., 2013); and increased
free radical generation. While some effects may occur without
inflammation, wood smoke is capable of producing an inflam-
matory response as evidenced by increased generation of inflam-
matory cytokines (Leonard et al., 2000; Matthew et al., 2001;
Demling and LalLonde, 1990; Demling et al., 1994; LalLonde
et al., 1994; Liu et al., 2005; Seagrave et al., 2005; LalLonde
etal., 1997).

Controlled exposure studies with healthy human subjects are
not consistent in terms of effects of wood smoke exposure. Some
studies have shown no induction of oxidative stress (Sehlsedt
et al., 2010) nor inflammation (Riddevold et al., 2012;
Forchhammer et al., 2012). However, others have shown
increased heart rate and decreased HRV, including the high-
frequency domain indicating vagal inhibition, and an increase
in central arterial stiffness, which was suggested as likely driven
by alteration in vascular autonomic control, vascular endothelial
dysfunction, or reduced bioavailability of NO (Unosson et al.,
2013). However, others have found no change in exhaled NO due
to wood-smoke exposure or any effect on arterial function
(Riddervold et al., 2012; Barregard et al., 2008).

Wood smoke consists of emissions from a variety of biomass
appliances, which differ in the fuel type, burning conditions, and
combustion technology. In this regard the physicochemical prop-
erties of PM generated during wood combustion may vary con-
siderably, depending upon combustion conditions, type of
appliance, type and moisture content of the wood, and the
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combustion phase (e.g., Weimer et al., 2007; Kocbach et al.,
2009). The potential for any wood-smoke-derived PM to pro-
duce adverse health effects is highly dependent upon these
physical and chemical properties, such as particle size, surface
area, chemical composition (mostly BC and OC by mass), any
adsorbed gases, and so on. For example, Zelikoff et al. (2002)
noted a diminished immunotoxic response due to inhaled wood-
smoke effluent in rats following exposure to effluent having the
PM phase removed, and PM derived from different combustion
conditions has been shown to induce differential proinflamma-
tory responses (Jalava et al., 2010; Danielsen et al., 2011).
Furthermore, PM derived from poor combustion conditions
having elevated organic content has been shown to have a greater
cytotoxic potential than PM derived from more complete com-
bustion conditions (Jalava et al., 2010; Bolling et al., 2012).
When effects of total PM with organic extracts of the PM and
washed particles were compared, the response induced by the
organic fraction was not linked to the content of PAHs, suggest-
ing that other organic components (e.g., quinone-like com-
pounds) were involved (Bolling et al., 2012). Studies that
examined effects of combustion cycle phase have shown differ-
ences in response at the startup versus the burn-out phase
(Stockfelt et al., 2012); there are differences in the organic
chemical makeup between these two phases.

In addition to immune and inflammatory response, wood
smoke has also been shown to alter lung mechanics in animal
studies. Wood smoke derived from Douglas fir reduced pul-
monary compliance in guinea pigs (Wong et al., 1984) and in
dogs (Stephenson et al., 1975) following acute exposure, while
increased dynamic compliance was observed in mice exposed
for 4 or 12 wk to pine wood smoke (Tesfaifgzi et al., 2002).
Wood smoke has also been shown to alter airway responsive-
ness, inducing airway hyperreactivity in response to broncho-
constrictor challenge (Hus and Kou, 2001; Lin et al., 2001).
However, results in controlled human exposures examining
other ventilatory parameters have found no effect (Sehlstedt
et al., 2010; Riddervold et al., 2012). However, in humans,
wood smoke also resulted in increased serum amyloid A
(SSA), an acute-phase protein that is often found to increase
under conditions associated with inflammation and is a risk
factor for CV morbidity (Ridker et al. 2000) and may also play
some role in development of atherosclerosis (Chait et al.,
2005). Exposure was also associated with increased plasma
levels of Factor VIII and the Factor VIII/von Willebrand
Factor ratio, indicating an effect on the balance of coagulation
factors involved in blood clotting

In summary, the bulk of toxicological evidence provides
biological plausibility, in terms of potential toxicological
mechanisms, for epidemiological observations of adverse
health outcomes from exposure to wood smoke. While the
biological effects are dependent upon the type of wood and
the combustion conditions, short-term exposure has been
shown to compromise pulmonary immune defense against
infectious agents, and at least one of the specific targets impli-
cated in this effect are the pulmonary macrophages. This sug-
gests that exposure would make the host more susceptible to
infectious disease. In addition, depending upon the condition,
exposure can result in an inflammatory response. While such
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effects are most pronounced with high-dose exposures, these
studies nevertheless can provide insight into potential mechan-
isms that may occur at lower exposure levels. Very few studies
have examined biological responses from PM derived under
varying combustion conditions and fuel types. In vitro assess-
ments suggest that biological outcomes may vary with condi-
tions of combustion, in that PM derived from poor combustion
seems to have greater cytotoxic effect than PM derived from
more complete combustion conditions (Bolling et al., 2009).
When combustion is less complete, PM contains more BC and
organic compounds (and brown carbon under smoldering con-
ditions). It appears that these organics in wood-smoke PM may
be the specific fraction most involved in the release of inflam-
matory mediators.

A potential concern related to wood smoke exposure is pro-
duction of lung cancer. While specific components of these
emissions are suggestive to be carcinogenic during in vitro stu-
dies, and PAHs are present in incompletely combusted wood and
biomass smoke, neither epidemiological nor toxicological evi-
dence is yet robust enough to come to any conclusive decision
(Lim and Seow, 2011).

The relative toxicity of wood smoke compared with vehicle
exhaust emissions is unclear. The database for DEE is more
robust and consistent than that for wood smoke, especially
related to controlled human exposures. However, some general-
izations may be made. Epidemiological and observational stu-
dies have shown that BC contributes to cardiovascular and
respiratory morbidity/mortality. While, as noted, the exact
mechanisms remain somewhat unclear, the available database
suggests that oxidative stress-induced inflammation from wood
smoke is likely involved (Mudway et al., 2004). Furthermore, it
is also likely that inflammatory changes produced in the respira-
tory tract can induce systemic inflammation, production of
acute-phase proteins, alteration of coagulation factors in the
liver, and destabilization of atheromatous plaques (Donaldson
et al., 2001, 2005; Pope et al., 2004). Pulmonary inflammation
has been shown to result in an increase in systemic cytokine
levels (Ruckerl et al., 2007). Both DEE and wood smoke may
alter autonomic control of cardiac rhythm, which, in turn,
increases the risk for cardiac arrhythmia (Donaldson et al.,
2005). Toxicology of wood-smoke emissions provides evidence
for epidemiological associations observed, mainly in localities
with substantial biomass combustion.

BC, Multipollutant Studies

Only limited studies assess mortality and morbidity associa-
tions in developing countries with BC and other PM, 5 species to
date. Geng et al. (2013) uses daily BC and PM, 5 concentrations
to analyze associations with daily mortality (all-cause, CVD).
An IQR of BC (2.7 pug/m3) was associated with significant
increases in daily all-cause (2.3%) and CVD (3.2%) mortality;
the size of the effects roughly doubled after adjustment for
PM, 5, remaining significant, while PM, s effects (IQR for
PM, 5 = 41.8 wg/m’) became negative and nonsignificant after
adjustment for BC. Mortality associations were considerably
larger in winter months. Geng et al. (2013) noted the similarity
between their results and those of Janssen et al. (2011), who
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found that reducing a unit of BC would increase life expectancy
4 to 9 times more than reducing a unit of PM, 5 (roughly one-
tenth of which is BC in the United States and western Europe). In
Shanghai, “major sources of BC are motorized traffic, coal
burning, shipping emissions, and industrial sources” (Geng
etal., 2013).

Two multipollutant studies performed in Santiago, Chile,
used 18 PM, 5 species, mostly metals but including EC, OC,
and sulfur. Cakmak et al. (2009a: daily all-cause and cardiac
mortality, 2009b: daily hospital admissions) found association
only with EC and OC, in single-pollutant models, and after full
adjustments for long-term trends, day of the week, average
humidity index on day of death and day prior to death, and
other PM, 5 species. Associations for EC were larger than for
OC (RR for mortality = 1.079 for an IQR increase in EC, 1.066
for OC; relative risk [RR] for emergency department [ED] visit
= 1.115 for an IQR increase in EC, 1.093 for OC). Results of
these two studies closely parallel results of several studies in the
United States that use a large number of PM, 5 species, including
Bell et al. (2009a), Peng et al. (2009), Lipfert et al. (2006b,
2009), and Krall et al. (2013), in that all of these studies associate
BC with all-cause and/or CVD mortality or hospital admissions
(of these studies that included OC, OC was also associated).

General Conclusions

In assessing (in the preceding Synthesis section) the health
effects from BC, diesel exhaust, and co-emissions in the United
States and Western Europe, we have found these emissions to be
associated with multiple mortality and morbidity endpoints in
both population-based epidemiology and human panel studies,
and found that toxicological studies provide mechanistic plausi-
bility. These associations were stronger when evaluated in stu-
dies using improved methods of assessing subject exposure.
Furthermore, in models with multiple pollutants, BC/EC was
more often associated with adverse health outcomes than were
other PM, s species. Using the U.S. EPA rubric for judging
causality, we conclude that there is a causal relationship between
BC/EC for all-cause and various CVD mortality and morbidity
endpoints.

When examining concentrations in rapidly developing coun-
tries having high levels of air pollution, it is clear that concentra-
tions of BC and PAHs are considerably higher than in the United
States and Western Europe, and that adverse health outcomes are
also highly elevated in these countries. The incidence of lung
cancer was extremely elevated when exposure was to residential
emissions of smoky bituminous coals high in heavy molecular
weight PAHs having a high benzo[a]pyrene equivalent.
However, when exposure was to emissions of “smokeless”
Chinese anthracite coals low in high molecular PAHs and having
a low benzo[a]pyrene equivalent, lung cancer incidence was not
elevated.

These findings suggest that other emissions with high-
molecular-weight PAHs also cause lung cancer. Wood and bio-
mass smoke have many deleterious effects, including premature
mortality. Wood-smoke emissions contain BC, OC, and PAHs,
but these vary substantially with types of biomass, completeness
of combustion, and degree of pollution control. More research is
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needed to understand how best to reduce toxicity of biomass
combustion in places where it cannot be replaced by cleaner
burning fuels.

Thus, adverse health effects as well as levels of BC and PAHs
occur to a great extent in the developing world. Reducing these
specific emissions will benefit health worldwide. The U.S. EPA
rubric for judging causality would be a useful tool in prioritizing
which specific emissions and sources to control and regulate.

List of Acronyms

ACS:
AMI:
ASHD:
B(a)P:

BaPE:

B(b)F:
BC:
BDNEF:
BS:

CAA:

CAPs:
CASAC:

CB:
CHD:
CI:
CNT:
CVD:
DBP:
DEE:
DPM:

EC:
ED:
GIS:
HO-1:
HRV:
HSPH:
TIAP:
TARC:

ICD:
IQR:

American Cancer Society

acute myocardial infarction

arteriosclerotic heart disease

benzo(a)pyrene, a PAH considered to be particularly
carcinogenic among PAHs

benzo(a)pyrene equivalent, a means of summing and
expressing total carcinogenic potential of many PAHs
emitted from a source

benzo(b)fluoranthene, a PAH

black carbon, see text for definition

brain-derived neurotrophic factor

black smoke, a measure of PM used in Europe for
decades

Clean Air Act of 1970, which established the ability
of EPA to regulate pollutants such as PM under the
National Ambient Air Quality Standards part of the
Act

concentrated ambient particles

Clean Air Scientific Advisory Committee, a commit-
tee which advises EPA in considering new air quality
standards for six pollutants, including PM

carbon black (industrial product)

coronary heart disease

confidence interval

carbon nanotube

cardiovascular disease

diastolic blood pressure

diesel engine exhaust

diesel particulate matter, also a descriptor of one of 33
specific air pollutants listed under EPA’s National Air
Toxic Assessment (see http://www.epa.gov/ttn/atw/
nata/34poll.html); also used as a synonym for DEP
(diesel exhaust particulate) to avoid confusion
elemental carbon, see text for definition

emergency department

geographic information systems

heme oxygenase-1, an anti-oxidant enzyme

heart rate variability

Harvard School of Public Health

indoor air pollution

International Agency for Research on Cancer, a unit
of the WHO

implantable cardioverter-defibrillator,

Interquartile range, where pollutant concentrations
are separated into quartiles of concentrations,
enabling comparison of health effects, for example,

between exposures at the 25% and 75% exposure
values

IHD: ischemic heart disease

LDL: low density lipoprotein

LPG: liquefied petroleum gas

MAPKSs: mitogen-activated protein kinases. MAPKs are
involved in directing cellular responses to various
stimuli

MI: myocardial infarction (heart attack)

NAAQS: National Ambient Air Quality Standards

NF-kB: a protein complex which controls various inflamma-
tory and other reactions to stresses such as pathogenic
stimuli

NLCS: Netherlands Cohort Study on Diet and Cancer

nm: nanometer

NMDA: N-methyl-D-aspartate

NRC: National Research Council, a body of the National
Academy of Sciences which often assembles expert
panels to advise US government agencies

NRDE: nanoparticle rich diesel exhaust

Nrf2: a transcription factor which activates cellular anti-
oxidant activity

OcC: organic carbon

PAH: polycyclic aromatic hydrocarbon. These are multi-

benzene ring compounds of various molecular
weights and toxicities
PM: particulate matter
PM2.5: particulate matter 2.5 microns in size or smaller
PM10: particulate matter 10 microns in size or smaller
POC: primary organic carbon, e.g., emitted initially in par-
ticulate form, as opposed to secondary organic carbon
(note: in other contexts, POC is an acronym for pyr-
olized organic carbon, but we do not adopt that usage

here)
ppb: parts per billion
Pyr: pyrene, a PAH
quasi-ultrafine: particles less than 250 nm in diameter
ROS: reactive oxygen species
RR: relative risk
S: sulfur

SBP: systolic blood pressure

SDNN: standard deviation of all normal to normal RR-inter-
vals, a measure of HRV

SES: socioeconomic status

SOC: secondary organic carbon, a carbonaceous particulate
compound that initially was a gaseous emission, but
was transformed by atmospheric reactions into a
particle

SVOC: semi-volatile organic compound

SWCNT: single walled carbon nanotube

TOC: total organic carbon

TSP: total suspended particulate, the initial measure of PM
used by U.S. regulators

uf: ultrafine, particles 100nm or smaller in diameter

US EPA: the United States Environmental Protection Agency

VOC: volatile organic compound

WHO:  World Health Organization
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Discussion, Definitional Issues, and Selected Ambient
Concentrations of BC/EC and OC.

Early Evaluation of PM Effects.

Tables S2 through S12.

Toxicology of Relevant PM2.5 Species: Cardiopulmonary
Effects of Diesel Exhaust.

Neurological Effects: Cognition and Behavior.
Toxicological Effects of Biomass Smoke.
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